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The subject of polymer concrete (PC) has generated a lot of
interest among researchers during the past decade. This is due

to the many advantages that polymer concrete pavement offers
compared to regular portland cement concrete. The advantages of
polymer concrete, when compared to portland cement concrete
include, quick curing and setting, reduced moisture sensitivity
and permeability and improved mechanical properties resulting in
reduced pavement thickness to support the same load. These
advantages will lead to attractive life cycle cost benofits.
Material properties and mix designs for PC with epoxy,
methylmethacrylate (MMA) and Polyester as the binder material
have been investigated and presented in part I of this report.
Part II contains pavement thickness design charts, develoved

for various aircraft, quality control methods, construction
procedures and cost analysis. It has been shown in this study
that increased material cost of PC can be offset by the reduced
thickness of the pavement. In order to develop life cycle cost
information, it is necessary to obtain field performance di}a

of DC pavement, especially in the composite design mode. lu" ')
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PREFACE

The objective of this project was to investigate the wuse of
polymer as the binder material for airport runway pavement
application and to study how these materials will improve the
performance of airport pavements in a cost effective manner. The
research work described in this report was carried out by
Pandalai Coatings Company for the Federal Aviation
Administration, wunder contract # DTFA 01-86-Y-01015. The
experimental evaluation of the mechanical properties of polymer
concrete was performed by Resouvrce International Inc. of
Columbus, Ohio, under a subcontract from Pandalai Coatings
Company. The pavement thickness calculations were carried out
using the illi-slab finite element method by Drs. Barenberg and
Iocannides.
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CHAPTER 1

INTRODUCTION

Pandalai Coatings Company was awarded a contract by the Federal
Aviation Administration to undertake a study to examine and
develop criteria for the use of Polymer Concrete as airport
paving material. The material contained in this report has been
gathered by Pandalai Coatings Company as a result of the the
Phase 1 work performed under contract # DTFA 01-86-Y-01015D. The
subject involves the development, use and application of Polymer
Concrete for Airport pavement applications. The mix design and
selection of candidate formulations were carried out by Pandalai
coatings company while the measurement of the mechanical
properties were carried out by Resource International
Incorporated on a subcontract from Pandalai Coatings. While
considerable amount of work has been carried out in the area of
polymer concrete for highway application, very little emphasis
has been given to this area of research for airport pavement
application. As a result of this investigation, many aspects of
polymer concrete research and 1its wuse for airport runway
application have been uncovered. Loads many times greater than
what is experienced on interstate highways is applied on airprot
runway pavements.

Systematic work on the effect of gradation, percent polymer in
the mix design, effect of moisture in the aggregates on the
mechanical properties have not been carried out in the past. As
a result of the present study at Pandalai Coatings Company, data
have been presented on the above variables and their effcct on
mechanical properties. Perxcent polymer much 1less than the
optimum has been used to examine their wusefulness as subgrade
material. The results and discussions on mix designs, mechanical
properties and other laboratory tests such as freeze/thaw tests
4ire given in the following sections. The results of these tests
would be utilized in developing pavement thickness calculations
and design charts for various aircraft loads. This task will be
carried out during the second phase of this investigation.

The mechanical properties investigated 1in this study include
compressive strength, Flexural strength, Dynamic modulus,
Fracture toughness, Fatigue properties and creep compliance. Al
these properties have been compared with those of Portland Cement
Concrete and reported in chapter 4.




CHAPTER 2

LITERATURE STUDY

Research and development work in the area of polymer concrete
has been supported by the Federal Highway Administration and the
Transportation Research Board for several decades. The results
of these efforts are just beginning to pay off in the form of
isolated use o0of polymer concrete on bridge decks. One of the
main obstacles in the use of polymer concrete is its exorbitant
cost. However a realistic cost analysis will show that the high
material cost will be offset by the many advantages polymer
concrete has for certain applications. This aspect will be
demonstrated in the second phase of this study.

The 1literature study carried out in this investigation
covered the following areas:

1. Development of the polymer <concrete formulations and mix
designs.

2. Mechanical and structural properties specifically designed
to work on airport pavements.

Existing methods of analysis to be used in determining
characteristic curves of the pavement.

)

The three American Concrete Institute (ACI) sponsored
symposia proceedings on polymer concrete have come out in
paper-bound volumes. They are SP-40 (1972 and 1973) (1), sSp-58
(1976) (2) containing 22 papers and SP-69 (1981) (3) containing
14 papers. John A. Manson (4) gives an overview of the ongoing
research on polymer concrete in the third volume SP-69.

Three principal classes of polymer concrete materials have
hbeen described in the literature. They are:

1. Polymer-portland-cement concrete (PPCC)
2. Polymer-impregnated concrete (PIC) and

Polymer-concrete (PC).

(93]




Only Polymer-Concrete material has been considered in thisg
study because of its unique characteristics of quick =setting
combined with improved mechanical properties.

PPCC contains a polymer, usually a latex or emulsifiable
type, aggregate, cement and water. In the case of PIC,
previously-formed portland cement concrete is impregnated with a
polymeric material whereas polymer concrete is a mixture of
well-graded aggregates and sand, mixed with polymer with no
cement added to the mixture.

Research activities in the area of polymer concrete
accelerated in the 1970s due to the need to improve materials for
highway bridge decks and desalination process equipment and

geothermal applications. Work was initiated by the Federal
Highway Administration and by the Department of Energy in the
field of polymer-concrete. The Department of Defense efforts
have been initiated through the Tyndall Air Force Base in Florida
and the Army's concrete and structures laboratory at the
Waterways Experiment Station in Vicksburg, Mississippi. Monomers

that have been recommended are:
1. Polyester-styrene
2. Methyl-Methacrylate
3. Furan derivatives and styrene.

The above monomers are the backbones in the final polymer
chain and wundergoes polymerization reaction by the addition
process in the presence of an initiator such as benzoyl
peroxide. The low viscosity of these monomers is the reason for
good wetting of the aggregates and the extremely good bond
strength. The epoxy resins used appear to be more expensive
compared to the polyester-styrene type and efforts are underway
to develop 1less expensive materials and processes that will
improve the performance of highway pavement, bridge decks and
airport runways. It is also important to select well-graded
aggregates to improve wetting and bond strength.

In fact, without a well-graded aggregate in the mix design,
it is not possible to compact the polymer concrete mixture well.

Without proper compaction, mechanical properties such as
compressive strength and the modulus of elasticity will not Dbe
optimum. Wide variation in deformation response on application
of a 1load has been found in polymer concrete. This can be

attributed to the lack of good gradation and uniformity within
the concrete matrix.

Exposure to water seems to reduce the bond strength. In
order to solve this problem, monomers that can bond wet
aggregates need to be identified. Work along this 1line is being

carried out at the University of Texas and the Brookhaven




National Laboratories. Antonucci (5) 1s investigating acrylic and
other polymers having various functional groups.

According to Virginia Fairweather (6) Degussa Corporation's
William Lee contends that polymer concrete overlays are
attractive from a bridge deck rehabilitation point of view. The
traffic has to Dbe restored very quickly on a bridge where the
traffic volume is high and there are no other bridges nearby to
cross the river by a detour. The bridge rehabilitation work that
is orngoing or Jjust completed are:

1. Three bridges at the Massachusetts turnpike. According to
Arthur Dimitz of Transpo Industries, New Rochelle, New
York, the polymer concrete is applied at 4 1inches thick at
a rate of 40 square vyards a day. Compressive strength of
4000 psi is achieved in one hour and 6000 psi achieved in
24 hours.

2. I-64 in Virginia where 157 square yards per hour Iis
applied. Work is being done in one lane during night time
when traffic is slow.

According to David Whitney of the University of Texas Civil
Engineering Department (7) polymer «concrete overlays as thin as
3/8" can be applied with quick curing time and early development
of mechanical properties. Chadwick Sherrel of Washington State
DOT contends that laying down polymer concrete can be done with
regular concrete-laying equipment. The estimated cost is $40.00
per square yard at 1/8" thick. Poly Carb of Cleveland, Ohio,
supplied the polymer concrete material to the state of Washington
and Washington DOT under the supervision of Mr. Chad Sherrsl did
the application and laydown work. The bridge had to be down for
eight hours only for the rehabilitation work. Two years field
evaluation shows that accidents are down and the skid number is
good and holding. Two years experience of Sherrel 1is prompting
the state of Washington DOT to start other demonstration projects
with the support of the Federal Highway Administration. These
demonstration projects are the results of several decades of work
in the 1laboratory 1in formulation, mix design, testing and
evaluation.

While the formulation part of these highway studies are
nseful for the 1initial research program for airport runway
application, there has to be modification in the strategy and
approach for airport pavement design. This is due to the fact
that the highway pavement or bridge deck is not exposed to jet
blast, high-speed landing and take-off and oil and fuel spills
caused during fueling, etc., of the plane as an airport runway,
taxiway and hangars. More important than the above reasons are
considerably higher 1loads and much higher shearing forces during
turns and braking.

It appears that polyesters have a cost advantage over epoxies
and MMAs, but their resistance to o0il, grease and aviation fuel




has not been proven in the field. This polymer is being tested
in several states such as Virginia, Washington and Ccalifornia.
Cady and Weyers (8) think that use of polymer concrete could be a
viable alternative to cathodic protection of the bridge deck. In
fact tests (6,8) for Pennsylvania Department of Transportation
are underway at the present time to rehabilitate bridge decks
under the supervision of Professor Cady cf Pennsylvania State
University.

Fontana and Bartholomew (9) discusses deterioration of
concrete bridge decks and the role of the Federal Highway
Administration in repairing the deteriorated bridge decks. Under
contract from the Federal Highway Administration, the Brookhaven
National Laboratory's research efforts produced a polymer
concrete patching material that can be premixed while imparting
improved properties when compared to portland cement.
Engineering News Record estimates (10) the cost of repairing one
out of every six bridges in the nation to be in the neighborhood
of 25 Dbillion dollars. The high maintenance cost, public
inconvenience and safety hazards involved in rehabilitating
bridge decks have prompted FHWA to develop rapid curing overlay
and patching materials. The same materials can be wused for
alrport runway pavement application and rapid-setting patching
materials for railroads to repalr or replace track beds in areas
where traffic volume is high and traffic delays will be a public
inconvenience.

Two methods of application were field tested and they are the
dry pack method and the premixed method. In the dry pack method
the graded aggregates are placed in the repair area or the
section where the overlay has to be placed. The monomers with
the appropriate catalyst, promoter, etc., 1s then sprayed on the
surface uniformly. This method requires special care to see that
curing takes place uniformly and throughout the horizontal and
vertical plane of the aggregate layer. More information can be
found in references (11) through (17).

The second method is the usual premixed method. Here special
care has to be taken to see that there 1is sufficient time for
mixing and placement before curing reaction starts.

S5chradexr, E. K., and coworkers (18) and Scanlon, John M., (19)
at the Army Engineer Waterways Experiment Station have undertaken
work in repairing and rehabilitating stilling basins. Examples
of the projects are Dworshak Dam and Libby Dam. Fiber-reinforced
epoxy resins have been used which protected the stilling basins
against corrosion and erosion due to sand and other abrasive
materials carried by the flowing waters. Other examples of the
Corps of Engineers work include:

1. Pomona Dam basin slab repair.

2. Upper 5t. Anthony Falls lock in the Mississippl River near
Minneapolis. Further information on the use of polymer




concrete for hydrotechnical application can be found in
references (20) through (29).

Robert Perry (30) 1in a review article describes the use of
polymer concrete for electrical insulation application.
Bonneville Power Administration has Jjudiciously wused polymer
concrete for transformer foundation.

Zzeldin, Kukacka and Carciello (31) report the use of polymer
concrete composites for use in geothermal wells. High
temperature resistance of silane polymers 1is wutilized in this
case. McNerney (32) describes the use of polymer concrete which
has been suggested for the rapid repair of bomb-damaged runways.
The rapid runway repair program has the following requirements:
Rapid cure; high strength; durability; and rapid placement in all
environmental conditions. The use of silane coupling agents and
fibrous materials have been found to improve the tensile
splitting strength, compressive strength and flexural strength.

Fowler, Meyer and Paul (33) studied the mechanical properties
of polymer concrete when the aggregates contained up to 7%
moisture. The use of silane coupling agent and fibrous materials
have been found to improve the mechanical properties of polymer
concrete containing wet aggregates.

The existing 1literature on special mix designs using
different aggregate and polymer mixtures was also studied. The
objective here is to obtain an optimum mix design which is cost
effective and has improved mechanical properties. One approach
that was considered in this study is the use of a polymer blend
in the mix design. The advantages of blending two polymers are
that the blend will have the properties of both the polymers.

Personal Communications with technical staff at the Army
waterways experiment station in Vicksburg(Tony Husbands) shed
some light in the use of polymer concrete. One of the probable
causes for the lack of widespread use of polymer concrete is the
high material cost. Any work toward a low cost mix design with
improved mechanical properties and fast curing capability would
be a breakthrough in polymer-concrete technology.

Having arrived at a suitable pavement material, it 1is to
provide design curves relating pavement thickness to the load,
subgrade stiffness and other mechanical properties. In order to
derive these curves, it 1is necessary to Kknow the shear
distribution under the pavement (pavement subgrade interface) and

the maximum deflection of the pavement. 0Of the theories
available, the Westergaard analysis 1is found to be the most
suitable. In determining the subgrade stiffness of the
multilayered subgrade, the simple energy method proposed by
Christano et al. is used because of its simplicity and
accuracy.

The design of an airport pavement involves the following
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design parameters;
1. 1load specifications (magnitude, geometry, frequency etc.),

2. pavement and subgrade specifications (geometry, material
properties) and

3. allowable stresses and deflections in the systen.

It is assumed that all the above parameters except the
pavement thickness are known. The following discussion describes
how the thickness can be determined as a function of the other
variables and constraints.

The purpose of this analysis 1is to develop a scheme to
determine the pavement thickness as a function of load, pavement
geometries and material properties. 1In this design the pavement
system is divided 1into two components, namely subgrade and
pavement as shown in Figure 1. The subgrade is made up of the
entire soil system except the paving, while the pavement
constitutes the crust made up of paving material. The subgrade
is modelled as a layered system described by an equivalent
stiffness, k, (pressure per unit 1length) and the pavement 1is
modelled as an elastic plate described by the Young's modulus, E,
and Poisson's ratio, V. The solutions available in the
literature are used in this design method.

Pavement

JU SN

\\ Subgrade

\\\ ’//

~
~

Figure 1. The.Pévement System




The subgrade is generally made up of layers. A typical
subgrade configuration 1s shown in Figure 2. Deflections and
stresses on the pavement would depend on the subgrade reaction.
The exact solutions for stresses and strains in layered elastic
systems has been derived by Burmister (1945a, 1945b, 1945c).
Burmister's s»nluticn, however, requires excessive computations as
it involves long, complicated expressions. Although numerical
results are available for two and three layered systems (Fox
1948; Acum and Fox, 1951) there are no results available for
general multilayered systems. Christiano, Rizzo and Jarecki
(1974) have developed a simple method, based on strain energy
distribution, to detcrmine the compliance of the subgrade. This
method 1is employed herein because determining the subgrade
compliance, treating it as a single layer is inaccurate.

Pavement

Base Layer j

Subbase Layer /

N\ Compacted Sub-
\ grade Layer

\ Subgrade Layer e
AN

SNSRI Bed Rock
S~ NS T~ ed Roc

Figure 2. Subgrade Layers




The subgrade is assumed to be made up of n layers. It is assumed
that each layer is;,

1.

2.

It

homogeneous,

linear elastic, and

isot
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Figure 3. Dimensionless Cumulative Enerqgy Vs.
Dimensionless Depth
also assumed that the stress distribution in the

layered system is the same as that of a homogeneous half-space
(Boussinesq solution). This assumption is partly justified by
the fact that the stresses in the Boussinesqg solution do not
depend on the elastic modulus and by the fact that effects of
subgrade reaction on pavement performance are minimal (Horonjeff,

1948).




The dimensionless strain energy of each layer, U can be obtained
from figure 3. This figqure describes the variation of the
dimensionless cumulative strain energy with the dimensionless
depth. The dimensionless strain enerqy of the layer is obtained
by taking the difference between the cumulative strain energy

values at the depths corresponding to top and bottom of the
layer.

The compliance of the system, k, is given by,

k = { U (1-v)/(8Bau )}
where,

a = equivalent radius of load area,

U = dimensionless strain enerqgy in the i-th layer

u = shear modulus of i-th layer, and

v = Poissons's ratio.
Cumulative dimensionless strain energy, 0

1C
0
present method

o = 90 ite element
3 methed
o 7T 77T 777Y=0
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Figure 4. Comparison of Energy Method
Results with Finite Element Solutions

Figure 4 shows the results of this method compared to finite
element solutions. It is seen from this comparison that the
approximation is very good for large depth to 1load diameter
ratio, which indeed is the case for pavement sublayers.

Given the compliance of the subgrade, and pavement material
properties, the pavement stresses and deflections can be

10




calculated using the Westergaard (1948) method. Westergaard
makes the following assumptions;

1. slab is linear elastic,
2. slab thickness is a constant,
3. the subgrade effects are modelled by stiffness, and

4. the average length and width of the footprint is greater
than the thickness of the slab.

Based on the above mentioned assumptions, Westergaard derived
the solutions for plate thickness and stresses f{or six  load
cases. These load cases along with the corresponding solutions
are given below. These solutions are necessary to calculate the
stress distribution and deflections developed at various points
of the pavement upon application of the load.

Definition of symbols for equations used for 1load cases 1
through 6 are as follows.

P = applied stress

h = pavement thickness

@ = Poisson's ratio

E = Young's modulus

k = subgrade reaction constant

z = deflection
a,b = semiaxes of the ellipse representing the footprint

of a tire

X,y = horizontal rectangular coordinates
r,® = corresponding polar coordinates

1 = radius of relative stiffness

Case 1: Load applied 1in the interior of a panel at a
considerable distance away from the edge or joint. The footprint
is an ellipse with major and minor axes a and b respectively.
(Figure 5)
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Figure 5. Load Case 1

The stresses in the pavement are given by,

P Eh2 (a-b)
. = -~-- 0.275(1+p)log, - -——=---- - 0.239(1-9) ————— Casel-1
x P2 P ‘iok@&) " (a+b)
2

and the displacement near the loaded area is given by,

P 3(1-p2)  0.275(1-p2)p a2 + b? Eh?2
Z = - mmmmmem mmmmmmmm—mmm oo + x2+ y2)logig--="-- L
4 EBk Eh3 4 kca_22>
0.239(1-u2jp a2+ 4 ab + b2 a-b » >
- == fm—mmmm e 4 - (-x + Yy )
Eh 3 8 a+b

Case 2: Load applied 1n the lInterlor of a panel at a
considerable distance away from the edge or joint. The footprint
is an arbitrary symmetric shape with axes of symmetry coinciding
with the longitudinal and lateral axes of the pavement.(Figure 6)
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Figure 6. Load Case 2

The stresses in the pavement are given by,

3P 1-u
O x = -=--> (1+) (K + 0.1159)+ ~--- 8
2n he 2
3P 1-H
OF = —---= (14M)(K + 0.1159)- ---- S
2n h< 2
1 r
Where, K = ~-- dA log - 1
A 1 S = - --- dA cos 28
A
and the displacement near the loaded area is given by,
p p 1 1 1.1159
A - r2 aa log - + ------ r2 da
8k12  erk14 a r A

1
+ (K + 0.1159)(x2+ y2 ) + - s(x¢ - y2)
2

Case 3: The load is next to an edge or joint with no capacity
for load transmission. Footprint is an ellipse tangential to the
edge or joint.(Figure 7)
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Figure 7. Load Case 3

The stresses in the pavement are given by,

x¢ (y - b P
- — $ e~ - l
d2 b2
2.2(1 +u)p Eh3
O =z oo {logig---------
(3 + u)h 100k(§_ji)..32)
3(1 +w)P 4 a -b
o {1.84 - --¥ + (1 4y )-~---
T3 +H)FR 3 a+ b
ab b
+2(1 -M) - + 1.18(1 + 28) ~}
(a + bR 1

and the displacement near the loaded area is given by,

Z = —--zz=oe—-- {1 - (0.76+40.4w) -} {1 - (0.76+0.4y) -}
EhY k 1 1

Case 4: The load is next to an edge or Joint with no capacity
for load transmission. Footprint is a semi ellipse with the
major axis on the edge or joint.{(Figure 8)




Figure 8. Load Case 4

The stresses in the pavement are given by,

2.2(1 +H)H)p Eh 3
g = e e == - lo _—— =~
2 910 57 L
(3 + H)h 100k (55 )
3(1 +u)P 4 a-b
D 3.84 - =¥ - (1 =Y )-—one
(3 +¥)h 3 a + b
b
$.05(1 + 2u) -)
1

and the displacement near the loaded area is given by,

P‘/2 + 1.2y b

Y
Z = —mme- ===x~{1 - (0.323+40.17u}-} {1 - (0.76+0.4u) -}
Eh - k 1 1
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Case 5: The hybrid of cases 2 and 4. (Figure 9)

b e - e e - e e

|
3
'
-

Figure 9. Load Case 5
The stresses in the pavement are given by,
3(1 + u)P 4

o = memmmeme o { 4K - 0.28 - -u~ ¥
(3 + Y“)h & 3

2

Y
+ (1 - u¥)s5 + 1.18(1 + 24 -}
1

and the displacement near the loaded area is given by,

Yy Y
A S A {1 -(0.76+0.4 M) -}{1 - (0.76+0.44) -}
1

JEh Tk 1

Case 6: This is the case where the load is across a joint of
efficiency j. The efficiency is normalized and hence can take
values between 0 and 1, including 1. The case j=0, is the same as
case 5. (Figure 9)
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Joint Efficiency J

Figure 10. Load Case 6

The stresses in the pavement are given by,

z; - z§ = (1-3)-(3 -3 )

Where z and z' are the deflections of the adjacent slabs at any
point at the Joint, while =z_ and ! are the corresponding
deflections that would occur at the same place if the joint had
no capacity for load transfer and j is the Jjoint etficiency which
is a number between 0 and 1.

1 1
g, = (1 - -3)0_ + -3 o
i 2 e 2 e
' 1 1 '
g, = ~-jo_ + (1 - ~3)o
i 5 e 5 e

and the displacement near the loaded area is given by,

1 1
zy = (1 - ;J)Ze + ;JZé
' 1 1
zy = -jz, + (1 - -j)z]
2 2




Meetings and Discussions

As part of the information gathering task, interviews and
discussions were carried out with personnel associated with the
Airport Pavement Technology. The following is a summary of these
discussions.

- Mr. Tony Husbands, Civil Engineer at the Army Corps of
Engineers, Waterways Experiment Station, 1In Vicksburg,
Mississippi. Mr. Husbands worked on the polymer concrete
project for the Air Force Runway Pavement Program. About
4000 square feet of the runway surface was paved with a
polymer concrete at the McClellend Air Force Base. A medium
strength, modified methylmethacrylate from Rohm & Haas was
the binder material used in the mix design at the McClellend
project. After several years of service, Mr. Husbands
reports no reflection cracking or other distress at the
patched areas, using the methylmethacrylate polymer
concrete.,

- Harry Ulery, Chief of Pavement Technology Division, at the
Army Corps of Engineers, Waterways Experiment Station, in
Vicksburg, Mississippi. Mr. Ulery's experience with polymer
concrete is 1limited and much information could not be
obtained. High cost of polymer concrete 1is one of the
reasons for the lack of wide spread wuse of concrete for
paving application.

- Ms. Pat Suggs at Tyndal Air Force Base. The rapid repair
program of bomb damaged runways is underway at Tyndal. An
extremely fast curing wurethane material is being tried for
rapid curing of damaged runways. The objective is to carry
out the curing reaction under wet conditions.

- Mr. William Stuenkel at Pittshurgh International Airport.
During a meeting with Mr. Stuenkel, possibility of some
field testing opportunity using the mix design developed by
Pandalai Coatings Company was discussed. This matter will
be further taken up as new laboratory mix design
developments become available.

18




CHAPTER 3

LABORATORY SCREENING STUDIES AND RESULTS

Development of Mix Design

The early part of this study involved developing a good mix
design, determining the right gradation, and curing schedule for
the various polymer systems.

The following methodologies have been used in developing good
mix designs and thereby improving the mechanical properties of
the polymer concrete. Selection of the type of aggregates and
proper gradation is necessary for a good mix design. Using
aggregates, having different gradations, 3" x 6" cylindrical
specimens were prepared for compressive stress measurements.
This test was wused as the yardstick in determining whether the
polymer concrete cured properly or not. The large aggregates
used were the reqular Penn Dot specification material. All the
aggregates and sand used can be obtained from regular concrete
mixing companies. For example the sand and gravel that were used
in this study have been obtained from standard supply houses in
Pennsylvania and Ohio. A typical aggregate design curve is shown
in Figure 11. Curves 1 through 3 represent size distributions of
fine and coarse sand. Coarse aggregate sizes No.8 through No.2
are alsc shown in Figure 11. This figure can be used very
conveniently to make modifications in the gradation of a new mix
design.

Initially, experiments were carried out to determine the
curing mechanism and the wvariables that affect curing and
mechanical properties of the polymer concrete. This included
polymer to aggregate ratio(Amount of Polymer), gradation and
effect of temperature on the curing reaction, and development of
mechanical properties.
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Effect of Gradation on Mechanical Properties

Suitable coarse and fine aggregate percentages were derived
from void ratio derivations. Dry graded aggregates were used to
examine the effect of gradation on mechanical properties. Based
upon FAA Advisory Circular 150/5370-10 for class 'A' paving
concrete, a trial mix for gravel was designed, based on the
recommended 25-75% sand to gravel ratio. By varying the polymer
content from 10.4 to 14.2 %, it was determined that a content of
less than 12% led to "Honeycombing" of the test cylinder and
greater than 14% 1led to excess polymer "bleeding™ out into the
surface. However if mechanical properties were satisfactory,
some extent of honeycombing would be tolerable.

In order to investigate the effect of the ratio of coarse
aggregate to fine aggregate(sand), compressive stress values were
determined by making samples containing the same polymer content
but different gradation of aggregates. Tables 1 and 2 gives the
gradation of the fine and coarse aggregates respectively. It can
be seen that the gradations selected fall within the FAA P-501
specifications given in Table l(page 319) and Table 2(page 320)
of the Advisory Circular, AC150/5370-10 dated 10-24-74. Table 3
through 5 shows the effect of increasing the amount of coarse
aggregates in the mix design on compressive stress. It can be
seen that increasing the amount of coarse aggregate increases the
compressive stress when the polymer content is kept constant, for
epoxy, MMA and polyester polymer concretes.

Several 3"diameter by 6"long polymer concrete samples were
prepared using different polymeric materials and were subjected
to various tests to evaluate the following parameters.

1. Compressive stress of material Vs. Curing time
2. Compressive Stress of material Vs. variation in gradation

3. Compressive stress of material Vs. polymer content

4. Compressive stress of material Vs. Aggregate moisture
content

5. Effect of temperature on curing rate

Several samples were prepared for the evaluation of the
effect of curing time on the strength of polymer concrete. 1In
order to accomplish this, the following procedure was adopted.
The samples prepared, were stored in the laboratory in a constant
temperature chamber and compressive stress was measured ifter 4,
24, 48,72 and 96 hours.
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TABLE 1. FINE AGCREGATE GRADATION

SIEVE NO: GRAMS % RETAINED CUMULATIVE

RETATNED % RETAINED

# 4 14.60 1.5 1.5
8 169.50 17.0 18.5

16 159.60 16.0 34.5

30 151.25 15.2 49.7

50 240.80 24.1 73.8
100 192.60 19.3 93.1
PAN 69.00 6.9
997.35 271.1

FINESS MODULUS 271.1/100 = 2.71
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TABLE 2. COARSE AGGREGATE GRADATION

CYLINDER
NO: 301 - 304 305 - 320 325 -
SIEVE 321 - 324
NO:
3/4 2% 2% 1.7%
1/2 41% 41% 29.8%
3/8 21% 57% 21.8%
#4 36% - 34.4%
PAN - - 12.3%
CONFORMS TO SIZE NO: 67 - ASTM - C 33
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TABLE 3. COMPRESSIVE BTRESS V8. GRADATION -EPOXY

Sample # CA/FA % EPOXY Max. stress
208a 1.00 6 2758
208b 1.00 6 2815
209a 1.28 6 3002
209b 1.28 6 3395
211a 1.41 6 4880
211b 1.41 6 4597
24




TABLE 4. COMPRESSIVE STRESS VS. GRADATION - MMA

Sample # CA/FA
260 1.00
262 1.22
272 1.50

% MMA

Max.

stress
3183
3400

4530




TABLE 5: COMPRESSIVE STRESS V8.

Sample #
402
401
400
398

512

CA/FA

1

1.
1.

.17

28

38

.41

.41

% Polyester

10

10

10

10

10

26

GRADATION -~ POLYESTER

Com. stress
1768
3253
3890
4739

6400




Effect of Temperature on Curing

The ambient temperature is an important factor to consider in
the curing of any polymeric system. This is because the energy
required to initiate the curing reaction is a function of the
ambient temperature. Identical epoxy systems were cured at two
different temperatures (64 F and 42.6 F). After 24 hours, the
samples kept at the lower temperature were not sufficiently cured
to evaluate the strength of material(compressive stress) of the
specimen.

In the methacrylate system, the cure rate can be adjusted for
different ambient temperatures by varying the content of Dimethyl
Toludine (DMT) promoter in the mix design. For example, at 75 -
79 F, the following concentrations of additives gave an effective
cure time of S5 minutes to one hour.

Benzoyl Peroxide 3.0%
Dimethylaniline 1.6%
Dimethyl Toludine 0.33%

However, when the ambient temperature was reduced to 43.2 F, the
same mixture cured only after 5 hours By 1increasing the
Dimethyl Toluedine to .99% the curing time was reduced Lo 2 hours
at 43.2 F.

For the curing reaction studies, a standard aggregate mix was
used in preparing the specimens. The gradation used was slightly
finer than the P-501 combined gradation specified in the FAA
Advisory Circular 150/5370-10 CHG 2, page 319. The polymer
content in the samples varied from 10 to 15%. At low temperatures
[below 30 F], the curing reaction was either very slow or did not
occur. This was true in the case of both Epoxy and MMA. In the
preliminary studies, it was ohserved that after the temperature
reached an optimum (45-60 F), there was no noticeable effect of
polymer concrete curing time on compressive stress.

The above experiments suggest that temperatures below 45 F
are not suitable for laying polymer concrete.

Specimens containing 14.2% of the MMA polymer were prepared
for testing mechanical properties. Compressive stress was
measured after two hours and 24 hours of specimen preparation. A
25% increase in compressive stress was noticed with the increased
amount of polymer content.




Determination of the Amount of Polymer Reguired for
Optimal Mechanical Properties

The amount of polymer required minimum voids was determined
as follows. An empty mold was filled to the top with
aggregates. The void space in the mold was then filled with
vater and the amount of water required was measured. This amount
of polymer is required to fill the voids in the cylinder and
prepare a good specimen. In certain mixes the polymer used was
less than the optimum required to fill the voids. This was done
to examine whether the mix designs having less than the optimum
polymer content could be considered as a subgrade composition.
Data presented in this study will reveal that reducing the
polymer content below the optimum amount gives poor compressive

stress values and increased moisture absorption. This can be due
to excessive void space within the polymer concrete matrix and
the entrapment of water in the wvoid space. Furthermore, the

entrapped water will apply stresses on 1isolated areas during
freezing and thawing resulting in unequal stress distribution in
the entire matrix. 1In fact, freezing and thawing is the cause of
premature failure in flexible (asphaltic) and rigid (concrete)
pavements in many cases. However, the possibility exists for the
use of less than optimum amounts of resin for application as
subgrade material due to the increased adhesive and mechanical
properties of the polymeric binder.

Five poulymer systems have been investigated in the laboratory
during the coarse of this study. These are,

1. Epoxy from Shell Chemical, Ciba-Giegy and Dow Chemical
2. Methylmethacrylate(MMA) from Rohm & Haas

3. Polyester, Styrene from Dow Chemical, Union Carbide,
W.R.Grace

4. Latex Emulsion from Air Products, Rohm Haas
5. Furan Polymer’ from QUAKER OATS COMPANY

0f the five polymer systems initially investigated 1in the
polymer concrete mixes, Epoxies, MMA, and Polyesters showed
advantages in mechanical properties. Therefore these three
systems were investigated more thoroughly. Experimental data
obtained in FPandalai laboratory on all polymer systems are given
hbelouw.
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Epoxy Polymer Concrete

Data obtained using epoxy systems are given 1in tables 6
through 9. Table 6 contains data correlating cure time with
compressive stress for mix designs containing 8% and 9% epoxy
polymer. The polymer used is 100% solids material containing no
solvents. The product used was a shell chemical ©rroduct under
the trade name epon 815 and the cross linking agent wused was
diethyl triamine (DETA) made by Union Carbide company. It can be
seen from Table 6 that about 80% of the curing reaction is
complete in 24 hours. Curing reaction 1is dependent on the type
of amine curing agent wused in the mix design. 1In order to get
good workability a low viscosity curing agent (DETA) has been
selected along with 100% solid high wviscosity epoxy binder
material.

The amount of polymer to be wused in the mix design will
depend on the gradation of the aggregate. Table 7 shows data
which correlate pexcentage polymer in the mixture with
compressive stress developed in a 3" x 6" cylinder. Epoxy
contents of 6, B, 9 and 10 percent were used in making samples.
Data are available at different gradations having variable coarse
to fine aggregate ratio (CA/FA). Compressive stress values have
been found to increase with increasing polymer content.

Amount of moisture present 1in the aggregate has great
influence on mechanical properties. The relationship between
moisture content and compressive stress 1is shown in Table 8. It
can bhe seen that increasing moisture content in the aggregate
reduces compressive stress in the polymer concrete.

Table 9 gives experimental data on moisture absorptior of
polymer concrete with wvariation 1in percent polymer. The amount
of water absorbed increases with decrease in polymer content.

Figure 12, 13 and 14, show tihie relationship between cure
time, percent epoxy content and amount of moisture in aggregate
with compressive stress.

Some additional observations are in order at this time. Oon
highly humid days, the epoxy binder remained tacky for a long
period of time. To study the effect of low humidity, several
specimen were cured in plastic bags. It was found that those
specimen in the plastic bags cured properly in 24 hours. Certain
accelerators, such as dimethyl aniline and amino ethyl propanol,
increases the rate of reaction even at higher humidities.

It can be seen from Figure 14, that as the water content
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increases, the compressive stress decreases at the same polymer
concentration. The amount of pulymer used 1in thls data set was
10%. From results obtained it was found that 10% polymer in the
mix design developed a compressive strength of over 11000 psi.
This is at least twice the strength of the no*mal portland cement

concrete.
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TABLE 6. COMPRESSIVE STRESS VS. CURE TIME - EPOXY

Sample # % Epoxy Cure time Comp. stress
days
80A 8 1 4314
80B 8 7 6430
80C 8 15 6011
80D 8 28 6223
81a 9 1 4880
81B 9 7 7000
81cC 9 15 7248
81D 9 28 7496

TABLE 7. COMPRESSIVE STRESS VS. PERCENT POLYMER - EPOXY

Sample # % Epoxy(CA/FA) Comp. Stress
305-308 6(1.14) ~ 2000 psi
325-328 6(1.41) ~ 4226 psi
309-312 8(1.14) ~ 4000 psi
330-332 8(1.41) ~ 7120 psi
317 9(1.14) ~ 7638 psi
322 9(1.41) ~ 8769 psi
313 10(1.14) ~ 11883 psi
333-335 10(1.41) ~ 12707 psi
31




TABLE 8. COMPRESSIVE STRESS VS. MOISTURE CONTENT - EPOXY

SPECIMEN CA/FA % CURE-TIME AVG STRESS WATER TEMP.

EPOXY PSI GM/KGM F

(1) (2) (3) (4) () (6) (7

300 ar/47 6 21 HRS 2815 o 76
301 66/26.17 6.46 24 HRS 1752 5.69 70
302 67.4/26.85 6 72 HRS 983 5.69 70
303 60/34 6 24 HRS 1068 5.69 70
304 55/39 6 72 HRS 3000 0 70
305 50/44 6 5 DAYS 1697 0.94 70
306 50/44 6 5 DAYS 1782 1.87 70
307 50/44 6 5 DAYS 1386 2.68 70
308 50/44 6 4 DAYS 1344 3.74 70
309 48.9/43 8 4 DAYS 3480 0.92 71
310 49/43 8 4 DAYS 3947 1.87 71
311 49/43 8 3 DAYS 2077 2.80 71
312 48.9/43 8 3 DAYS 2759 3.74 70
32




Table 8: Continued......

SPECIMEN CA/FA % CURE-TIME AVG STRESS WATER TEMP.
EPOXY pPSI GM/KGM F

o wm e e e T
313 47.9/42.1 10 1 DAY 11,883 0.93 68
314 47.9/42.1 10 1 DAY 11,318 1.87 68
315 47.9/42.1 10 1 DAY 6366 2.80 68
316 47.9/42.1 10 1 DAY 6508 3.74 68
317 48.43/42.56 9 2 DAYS 7639 0.93 69
318 48.43/42.56 9 2 DAayYs 8488 1.86 67
319 48.43/42.56 9 1 DAY 6366 2.80 66
320 48.43/42.56 9 2 DAYS 5517 3.74 66
321 53.25/37.76 9 3 DAYS 7958 0 65
322 53.25/37.76 9 3 DAYS 8665 0.83 65
323 53.25/37.76 9 19 HRS 6614 1.66 68
324 53.25/37.76 9 19 HRS 6473 2.49 68
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TABLE 9. MOISTURE ABSORPTION VS. PERCENT POLYMER - EPOXY

Sample # % Epoxy Moisture Absorption
Average Percent

325 - 328 6 4.11

309 - 312 8 2.58

317 - 323 9 2.14

313 - 316 10 0.64
34
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Methyl Methacrylate [MMA] Polymer Concrete:

Data obtained on Methyl methacrylate(MMA) peolymer concrete
are given in the following section. Effects of percent polymer,
ratio of coarse to fine aggregate(CA/FA) , and moisture content
in the aggregate were studied to determine the relationship
between these variables and mechanical properties. Data are
given in ables 10 through 13.

The basic polymer mixture used in the evaluation 1is given
below.

Dimethyl Aniline (DMa) 1.60%
N,N,-Dimethyl para-Toluidine (DMT) 0.30%
Benzoyl Peroxide (BZP) 3.00%
Methyl Methacrylate (MMa) 95.10%

Eleven percent of the above MMA polymer mix was used in the
polymer concrete formulation for the result presented in table
10. The coarse to fine aggregate ratio in the polymer concrete
mix was 1.41.

Table 12 shows the effect of moisture content on compressive
stress for MMA polymer concrete.The data show that the
compressive stress decreases as the moisture content increases.

Figures 15 and 16 correlate cure time and polymer percent
with compressive stress for MMA polymer concrete. Data
correlating moisture content with compressive stress are shown
graphically in Figure 17. The MMA content in all the mixes in
this figure has been maintained at 11%. It can be seen from the
graph that 90% of the curing occurs within ten hours after mixing
the polymer with the aggregates.

Table 10 and table 11 contain data correlating compressive
stress with respect to cure time and percent polymer

respectively. It is observed that increwasing the amount of
polymer and curing time increase the compressive stress. Mix
designs containing as low as 8% MMA wvere tested. Compressive

strengths between 3000 to 4000 psi were obtained for sample
numbers 260, 272,273 and 281.

The importance of wusing aggregates with the right gradation
can be understood by an examination of table 4. By changing the
CA/FA ratio from 1 to 1.5, an increase in compressive strength
from 3183 to 4530 psi was obtained. Increasing percentage of
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coarse aggregate in the mix design has also been found to
increase the coupressive stress in the <case of other polymer
concrete systems.

TABLE 10. COMPRESSIVE STRESS VS. CURE TIME - 11%MMA

Sample # CA/FA Cure Time Max. stress
475 1.41 4 hrs. 9726

478 1.41 4 hrs. 9620

484 1.41 24 hrs. 11565

479 1.41 72 hrs. 10115

480 1.41 72 hrs. 11176

481 1.41 96 hrs. 10296

482 1.41 96 hrs. 3961

463 1.41 168 hrs. 11282
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TABLE 11. COMPRESSIVE STRESS VS. PERCENT POLYMER ~ MMA

Sample # CA/FA % MMA 24 hr.stress Max. stress
362 1.41 10 7496
345 1.41 11 6986
386 1.41 11 9972
352 1.41 12 7922
355 1.41 12 11105
380 1.41 13 9125
382 1.41 13 12025
349 1.41 15 10504
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TABLE 12. COMPRESSIVE STRESS V8. MOISTURE CONTENT - MMA

Gran water/Kilograx
Sample # Cure Time Stress Temp.

(Hrs.) (psi) (oF) sogregate
475(11%MMA) 4 9726 70 0.00
478 4 9655 70 0.00
484 24 11565 70 0.00
479 72 10115 70 0.00
480 72 11176 70 0.00
481 96 10292 70 0.00
482 96 9691 70 0.00
483 168 11282 70 0.00
488 (11%MMA) 4 9903 70 0.93
491 24 8736 70 0.93
486 48 8700 70 0.93
487 2 8312 70 0.93
490 96 10716 70 0.93
493 (11%MMA) 4 8559 70 1.87
496 24 7781 70 1.87
497 48 7215 70 1.87
494 72 7286 70 1.87
492 96 7993 70 1.87
509 (11%MMA) 4 7568 70 2.68
499 24 6684 70 2.68
498 48 6932 70 2.68
504 72 8064 70 2.68
502 96 7746 70 2.68
510 (11%MMA) 4 6472 70 3.74
506 24 7002 70 3.74
500 48 7356 70 3.74
505 72 6932 70 3.74
503 96 6366 70 3.74
511 24 11671 70 0.00
508 48 9620 70 0.00

41




TABLE 13. MOISTURE ABSORPTION VS. PERCENT POLYMER - MMA

Sample # % MMA Moisture Absorption
Average Percent

363 - 364 10 6.4
346 - 347 11 4.2
353 - 354 11 4.0
377 - 378 12 3.6
386 - 388 13 3.2
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Polvester Polymer Concrete:

Tables 14 through 17 contain data obtained in the Pandalai
laboratories wusing polyester as the binder nmaterial in the
polymer concrete matrix. Relationships between the ratio of
polymer to aggregate, gradation, moisture content in the
aggregate and mechanical properties were investigated 1in this
study.

Table 15 gives the relationship between the percent polymer
in the mix and the ultimate stress developed in a 3" diameter by
6" long cylinder. The percent polymer was varied from 8% to 11%.
It can be seen that the wultimate stress developed gradually
increases for 8% to 11% polymer samples. This behavior |is
similar to that of epoxy and MMA containing polymer concretes.

Table 14 shows the relationship between curing time and
mechanical property development for 10% polymer containing
samples. It can be observed that most of the curing takes place
with the first ten hours and the curing reaction is almost
complete in about a day.

The relationship between aggregate size and mechanical
properties is shown in table 5. The ratio of coarse aggregate to
fine aggregate (CA/FA) has been varied from 1.17 to 1.41. The
relationship follows the pattern of epoxy and MMA based polymer
concretes, in that the compressive stress increases with higher
amount of coarse aggregates. The values reported are for 10%
polymer content.

The relationship between moisture content and compressive
stress is tabulated in table 16. Known amount of molsture had
been added to the surface dried aggregates before preparing the
samples. The moisture content was varied from zero to 3.74 grams
per kilograms of aggregate. It can be seen that the compressive
stress decreases with increase in moisture content for the same
mix design.

One of the major problems with Portland Cement Concrete is
the porous nature of the matrix and the resulting water
absorption. Polymer Concrete prevents water absorption and
therefore eliminates or reduces considerably problems associated
with freeze thaw damage. Table 14 gives the amount of water
absorbed by polyester polymer concrete. It can be seen that the
vater absorbed by polyester polymer concrete is practically
negliqgible.

Figures 18 through 20 is the graphic representation of the
effect of cure time, percent polymer and water content in
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aggregate on the compressive stress for polyester polymer
concrete.

TABLE 14: COMPRESSIVE STRESS VS. CURE TIME - 10% POLYT"STER

Sample # CA/FA Cure Time, Hrs. Stress
430 1.41 4 6543
433 1.41 18 7639
435 1.41 24 8664
507 1.41 24 8206
436 1.41 48 9549
439 1.41 72 10256
437 1.41 96 10539
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TABLE 15: COMPRESSIVE STRESS VS. PERCENT POLYMER - POLYESTER

Sample # CA/FA % Polyester Max. stress
428 1.41 8 4739

419 1.41 9 5376

427 1.41 9 6508

436 1.41 10 9549

437 1.41 10 10539

439 1.41 10 10256

414 1.41 11 10045%

*sample cured only 24 hrs.
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TABLE 16: EFFECT OF MOISTURE - POLYESTER

Sample # Cure time % moisture com. stress
430 4 hrs. 0.00 6543
433 18 hrs. 0.00 7639
435 24 hrs. 0.00 8664
436 48 hrs. 0.00 9549
439 72 hrs. 0.00 10256
437 96 hrs. 0.00 10539
445 4 hrs. 0.93 5942
441 24 hrs. 8453
442 48 hrs. 9019
444 72 hrs. 8984
448 36 hrs. 9230
451 4 hrs. 1.87 5872
450 24 hrs. 7604
452 48 hrs. 83912
455 72 hrs. 8700
456 96 hrs. 8912
463 4 hrs. 2.68 5765
454 24 hrs. 7215
466 48 hrs. 7286
464 72 hrs. 7746
460 96 hrs. 7640
457 4 hrs. 3.74 5234
459 24 hrs. 6542
458 48 hrs. 6720
465 72 hrs. 7286
461 96 hrs. 7180
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TABLE 17: MOISTURE ABSORPTION FOR POLYESTERS

Sample # dry wt. hrs. in H20 wet wt.
gms. gms.

431-1 1520.0 24 1520.6
48 1520.9
431-2 1550.4 24 1551.1
48 1551.3
72 1551.3

Average molsture absorption = .0585 gms.
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CHAPTER 4

DEVELOPMENT OF MECHANICAL SPECIFICATIONS

In order to develop material specifications, the mechanical
properties of the various polymer concrete mixes were
experimentally determined. The following mix design was used to
prepare samples that were used to perform the varius tests.

A. MIX DESIGN

A mix design for polymer concrete was prepared using locally
available coarse and fine aggregate. The coarse aggregates used
vere #57 and #8 crushed gravel and the fine aggregate used was
natural sand. The physical properties of the material were
according to FAA Advisory Circular requiremets for P-501 concrete
mixes. Based on various trial mixes, the final selected blend of
coarse and fine aggregates is as below.

1. Aggregate Blend
Crushed gravel #57 - 25%
Crushed gravel #8 - 25%
Natural sand - 50%

2. Polymer Blend
DETA - 1 part
Zpon-815 - 9 part

Blend of Mix

(93]
.

Aggregates - 87.5%
Polymer - 12.5%

The gradation of natural sand and aggregate blend was




compared with the FAA P-501 mix regquirement and was found to fall
within the specification limits (Tables 18 and 19). The aggregate
gradation of the mix is presented in Table 20. The gradation is
marginally coarser as compared to P-501 requirements for normal
cement concrete mix.

4. Sample Preparation

Sample preparation was performed according to ASTM standard
procedures with appropriate modification as considered
necessary. The coarse and fine aggregates were oven dried before
use in the mix. All proportioning was done by weight. The two
polymer components were weighed separately and then blended
together, before wixing with the pre-weighed aggregates. Mixing
wvas performed using a mechanical mixer for about 60 to 90 seconds
and then the mix was transferred to the mold for sample
preparation. The workability of the mix was good as the polymer
dispersed uniformly within the aggregate matrix. 1Initial curing
time of the specimen as measured by the drop in the reaction
temperature was found to be between two to three hours. Final
curing time was measured by the drop in the rate of strength gain
and is indicated in the compressive strength test results.
Samples were prepared for the foliowing laboratory tests:

1. Modulus of Tlasticity

2. Compressive Strength
2. Flexural Strength

4. Modulus of Resilience
5. Dynamic Modulus

. Fracture Toughness

7. Splitting Tensile Strength
8. Freeze Thaw Resistance
9. Fatigue Test

10. Creep vrest
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Table 18, Fine Aggregate Gradation (Mech. Property Studies)

P-501 Specification

Sieve Size % Passing Limits
3/8" 100 100-
#4 97.5 95-100
#8 85.0 -
#16 62.5 45-80
#30 42.5 25-55
#50 17.5 10-30
#100 5.0 2-10
#200 2.1 -—-

Table 19. Coarse Aggregate Gradation (Mech. Property Studies)

P-501 Specification

Limits
11/2" 100 100
v 99 100
3/4" 95 90-100
3/8" 45 20-55
$4 8 0-10
#8 1.6 0-5
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B. LABORATORY TESTS

1. Test for Static Modulus of Elasticity of Concrete in
Compression:

This test method, performed according to ASTM C 469, was to
determine the modulus of elasticity of molded polymer concrete

cylinders under longitudinal compressive stress. The tests were
performed on 3" x 6" cylindrical specimens and the test 1load
ranged from 2 to 28 Kkips. All tests were performed at room

temperature (73 F % 3). In all, eiqght samples were tested at
loads ranging from 2 to 28 kips and the strain values were
recorded at each load. Tests were pertormed on the compression
testing machine with 4 rate of 1loawlng of about 0,05 inch per
minute, which was equal to about 35 % 5 psi per second. Without
inerruption of the load, the applied load and the 1longitudinal

strain were recorded when the longitudinal strain was 50
millionths and the applied load was equal to 40 percent of the
ultimate 1load. Longitudinal strain 1is defined as the total

longitudinal deformation divided by the gauge length. The rest
of the test procedure was according to ASTM C 469. Table 21
precents the results of static modulus of elasticity for polymer
concrete. The average value, based on tests on eight samples, is
3.107 x 106 psi with a standard deviation of 0.465. For normal
concrete with a compressive strength in the range of 7000 to
10,000 psi, the modulus of elasticity is about 5.7 x 10 € psi.
Polymer concrete has a lower modulus than normal concrete, but a
much high r compressive strength. This lower modulus is due to
the damping effect of the polymer Iingredients in the matrix and
this effect is desirable for most intended use.

2. Tests for Compressive Strength:

This test, performed according to ASTM C 39, was for the
determination of compressive strength of polymer concrete
specimens of dimensions 3" x 6". This test method consists of
applying a compressive axial load to molded concrete cylinders at
a rate of 1000 lb/second until failure occurs. Eleven samples
vere prepared and tested for compressive strength. Test results
are presented in Table 22,

The average compressive strength of the eleven samples tested
i3 1.046 » 10'psi with a standard deviation of 857.3. However,
eight out of eleven samples tested have strength greater than 1 x
10" psi, and this was achieved within 24 hours of molding the
sample. The increased strength and the increased rate in gain in
strength as  compared to normal concrete makes PC an ideal
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material, for its intended use. Normal concrete Iif it has to be
designed for 1 x 10% psi compressive strength would need special
aggregates and high content of cement, and would also take 14 to
28 days to develop an equivalent strength of PC.

Compressive Strength of MMA

Three samples of PC were prepared for this test using the
following mixture:

MMA

133.14 grams of methylmethacrylate monomer
2.24 gm of DMA
0.42 gm of MT
4.2 gm of BZP catalyst

Aggregates

341 gm #57

341 gm # 8

682 gm sand

MMA polymer : aggregate ratio = 10%

Test results on these samples were 4571 psi, 4286 psi, and
4571 psi with an average value of 4476 psi. As can be seen from
these results, MMA PC will exhibit compressive strength value
equal to that of normal strength portland cement concrete after
only 24 hours curing.

3. Flexural Strength:

This test, performed according to ASTM C 78 covers the
determination of flexural strength of concrete by the use of a
simple beam with third point loading. The test was performed in
such a way to ensure that the forces appliied were perpendicular
to the face of the specimens and without eccentricity. The load

wvas applied continuously at a rate of 150 psi/min. which
resulted in a constant increase in the extreme fiber stress at
the same rate. Eight samples were prepared and tested for

flexural strength and test results are presented in Table 23.

The average flexural strength of polymer concrete based on
eight samples is 2.124 x 103psi with a standard deviation of 256.
For normal concrete the compressive strength is about 5 to 7
times the tensile strength, and the same ratio applies to PC
also. The major difference being that most of the strength of PC
develops at 24 hours or less, which is a great advantage for its
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Table 22. Compressive Stress Test Results

3" X 6" CYLINDERS

Sample Actual Area Failure Compressive
$ (in) (1b) Strength/psi
1 7.07 68000 9618
2 7.07 64000 9052
3 7.07 73500 10396
4 7.07 74500 10537
5 7.07 75000 10608

-6 7.07 75500 10679
7 7.07 77100 10905
8 7.07 86000 12164
9 7.07 74000 10467

10 7.07 79000 11174

11 7.07 67000 9477

AVERAGE VALUE 10462
STANDARD DEVIATION 857.3
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Table 23. Flexural strength

(FS) Test Results

rs o 2PL
bd 2
1 = 18"
Sample Beam Failure Load Flexural Strength
No. Dimentions P (1b) FS (psi)
(in) bxdxL
1 6x6x22 15000 2500
2 6x6x22 12500 2085
3 ExX6x22 11500 1920
4 6x6x22 11250 1870
5 6x6x22 14500 2420
6 Ex6x22 12000 2000
7 6xX6x22 11250 1870
8 6x6x22 14000 2330
AVERAGE VALUE 2124
STANDARD DEVIATION 256
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intended use.

4, Modulus of Resilience:

The concept of diametrical modulus has been previously
applied to concrete mixes. For short duration dynamic loads,
Young's Modulus (E)} can be defined as the resilient modulus, a
material property useful in pavement analysis. No standard ASTM
test method is available for this test. 1In testing for modulus
of resilience, a dynamic load of known duration and magnitude ,
lower than half the indirect tensile strength of the specimen,
was applied across the vertical diameter of the specimen. The
elastic deformation across the specimen was measured with
displacement transducers. After recording the magnitude of the
dynamic load and deformation, the modulus of resilience (MR) was
calculated using the equation:

P (v+ 0.2734)

MR = (1)
Lt
Where: P = Magnitude of dynamic load
v = Poisson's ratio
t = Specimen thickness
A Total deformation

Six samples were prepared and tested for deformation of
modulus of resiliance and test results are presented in Table 24.

The average value based on tests on six samples is 3.829 x 1
pusl with a standard devialion of 0.953. For normal concrete with
a compressive strength of about 10,000 psi the modulus of
resiliance 1is in the r:gion of 3.96 x 10°psi. PC has lower MR
than normal concrete, for the same reasons explained under
"Modulus of Elasticity" tests.

5. Dynamic Modulus:

This test method was performed according to ASTM D 3497 with
some modifications. ASTM D 3497 defines the determination of
dynamic modulus of polymer concrete by application of sirusoidal
axial compression stress applied to the specimen at three
different temperatures and loading freguency. The 1resulting
recoverable axial strain response was measured and used to
calculate dynamic modulus. Dynamic modulus is the absolute value
of the complex modulus that defines the property of a material
subject to sinusoidal loading. The tests were performed at
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temperatures of 25, 35 and 45 degree C and loading frequency of
1, 4, 10 and 16 Hz. The loading stress was determined as follows:

of = (2)

where:

Measured weight of load
Measured chart height
Full scale load

Cross sectional area

N o
oo

b e ol o

The recovered axial strain was determined as follows:

H3 x S
= (3)
co Hu
where:

H3 = Measured height of recoverable
strain

Hu = Measured chart height

S = Full scale strain amplitude

Dynamic modulus was determined by dividing the loading stress
(00) by the axial strain (€0 .

Fifteen samples were prepared and tested for determination of
dynamic modulus and test results are presented in Table 25.

The average value based on test of fifteen samples is
presented below.

5
Dynamic Modulus at Different Frequencies(x1l0 psi)

Temp:
1Hz 4Hz 10H=z 16Hz
25 C 41.77 49.36 82.32 142.31
35 C 36.92 41.17 60.44 95.12
45 C 34.76 37.71 50.82 74.80

The data given above indicate that the dynamic modulus is
temperature dependent, which 1is not normally the case with
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Table 25. Dynamic Modulus of Elasticity
{at 25°C)

'DYNAMIC MODULUS X 103 (PSI) (AT 25°C)

Freq.

Sample #§ 1Hz 4Hz 10Hz 16Hz
1 43.037 50.116 72.321 123.087
2 50.154 61.136 94.594 160.245
3 36.531 44.231 75.228 132.703
4 46.324 52.613 80.123 126.849
5 31.626 38.285 59.846 109.382
6 41.632 46.896 72.508 146.431
7 34.153 40.405 64.789 125.215
8 32.678 37.618 72.931 128.682
9 35.584 48.389 88.462 163.327
10 42.810 50.050 93.520 149.710
11 50.840 60.290 99.610 154.24¢C
12 51.580 60.290 105.590 179.560
13 49.840 53.050 $6.990 162.480
14 39.590 50.550 80.330 139.010
15 39.850 46.430 77.930 133.680

AVERAGE 41.77 49.36 82.32 142.31

STANDARD _

DEVIATION 6.85 7.50 13.48 . 19.12
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Table 25. Dynamic Modulus of Elasticity (continued)
(at 33°QC)
DYNAMIC MODULUS X 103 (PSI) (AT 35°C)
Freq.
Sample # 1Hz 4Hz 10Hz 16Hz
1 36.49 41.88 66.84 100.15
2 42.27 48.31 73.28 117.96
3 36.70 41.26 61.14 102.52
4 36.06 39.32 57.84 94.79
5 38.62 43,28 66.84 102,52
6 29.88 33.25 45.75 67.77
7 38.14 41.94 59.37 94.36
8 37.17 4n,13 52.42 80.90
AVERAGE 36.92 41.17 60.44 95.12
STANDARD 3.46 4.20 8.74 15.15
DEVIATION
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Table 25. Dynamic Mocdulus of Elasticity (continued)
(at 43°C)

DYNAMIC MODULUS X 10° (PSI) AT (45°C)
- Freq.
Sample # 1Hz 4H2Z
1l 27.55 31.61
2 25.69 34.75
3 26.32 31.97
4 39.13 41.04
5 39.70 42.92
6 40.42 44.61
7 37.89 41.39
8 36.82 41.94
9 30.32 47.18
AVERAGE 34.76 37.71
STANDARD
DEVIATION 6.28 5.59




portland cement concrete. Also, the dynamic modulus of the
normal concrete is about 20 percent higher than the static
modulus. It appears that polymer concrete also behaves

similarly. It could also be argued that dynamic modulus of
polymer concrete 1ls temperature dependent due to the effect of
polymer matrix in concrete. Dynamic modulus values decrease with
an increase in temperature.

6. Fracture Toughness:

The method used to determine fracture toughness was developed
at Ohio State University. The fracture toughness(Ki. ) was
determined by cutting a right angled wedge 1into a three 1inch
diameter specimen and initiating a crack (0.125 inch long)} at the
apex of the notch. The specimen was set on a base with the notch
pointing upwards, and a verticel load was applied to it through a
three-piece set-up consisting of two plates (placed against the
sides of the wedge) and a semicircular rod placed between the Ltwo
plates to transmit the load by "wedging" to the sides of the
wvedges.

The results of (tests conducted at room temperature) allowed
the <calculation of the fracture toughness, K_ through the
equation([35] le

p
K = F * F *VC ¥ e (4)
1lc stress geoa t * R
Where:
Fstress = stress factor
Fgeom = geometry factor
C = crack length (inches)
P = maximum vertically applied load (1bs)
t = thickness of specimen (inches)
R = radius of specimen (inches)

Also from refercnce 19:

2.475
4.30577(c/R)
6.153078e

T3
|

stress

0.25
-3.07103(c/R)

F 3.950373e

geon

The fracture toughness test provides engineers with an additional
parameter for evaluiting cracking potential. K has been found to
be a material constant independent ¢ slight chdnges in the crack
length, loading conditions, and other geometrical wvariables.
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Table 26. Fracture Toughness ch Test Results
‘ P
Kic = F stress x F geom. xV/e x —
txr
c
4.30577(~)2-457
F stress = 6.53078xe r
c
-3.07103(=)0-25
F geom. = 3,950373xe r
Fracture
Sample Length of Radius Thickness Failure Toughness
No. Initial r(in) t (in) Load Ky
Crack P (1b) (psn&In)
1 0.125 1.50 2.50 6200 1032.5
2 0.125 1.50 2.31 5150 928.2
. 3 0.125 1.50 2,33 7000 1250.8
4 0.125 1.50 2.34 4450 791.7
5 0.125 1.50 2.60 5000 800.6
6 0.125 1.50 2.50 6450 1074.1
7 0.125 1.50 3.00 3500 485.7
8 0.125 1.50 3.00 4000 555.0
AVERAGE VALUE 864.8
STANDARD DEVIATION 260.2
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Table 27. Splitting Tensile Test Results (:y)
27
cy = —
rdt
Sacple Cia Thickness Failure Lcad cy(psi)
d(in) t(in) P(1lb)
1 3.00 2.53 18500 1582.5
2 3.00 2.63 20200 1630.7
3 3.00 2.52 19400 1634.5
4 3.00 2.51 17200 1454.9
5 3.00 2.53 12400 1040.7
6 3.00 2.28 14000 1303.7
7 3.00 2.27 14600 1365.5
8 3.00 2.48 16750 1457.4
AVERAGE VALUE 1430.0
196.45

STANDARD DEVIATION




o

Fight samples were prepared and tested for determination of
fracture toughness. The test results are presented in table 26.
The average value based on eight samples tested is 865 psi Vin.
with a standard deviation of 260.2. For normal concicte, the
fracture toughness is about 1200 psi/ in. It could be argued
that fracture toughness of PC 1is slightly 1lower due to high
compressive strength and ductile fracture behavior of the
material.

7. Splitting Tensile Strength:

This test was performed according to ASTM C 496 standard
which ccvers the determination of the splitting tensile strength
of cylindrical concrete specimens. The specimens were tected on
a compression testing machine by applying the load continuously
and without shock at a constant rate of 150 psi per minute until
failure of the specimen. The maximaum load applied to the
specimen was recorded and splitting tensile strength was
calculated as follows:

2P

n dt
where:
Maximum 1lcad, (1lbs)

Specimen diameter, (inches)
Specimen length, (inches)

ot g
1n it

Eight samples were prepared and tested for determination of
splitting tensile strength and test results are presented in
table 27. The average vaiue based on eight samples tested is 1430
psi with a standard deviation of 196. This appears to be about
30% higher than for normal concrete.

8. Poisson Ration:

The value of Poisson ratio is not directly observed through
experimentation but rather 1is calculated from data obtained
through other experimenctal tests. Thue data used for the
calculation of Poisson ratio resulted from the resilient modulus
and modulus of elasticity tests. That is, the wvalue of
Poissson's ratio was calculated using the following expressions
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F = -Z (0.9976 + 0.2692) (6)
= goisson ratio

E = Modulus of elasticity, psi

t = Specimen thickness, inches

%{ = P/x

| = Load, 1lbs.

X 4 = Total horizontal deformation for

the load P, inches

The results are presented in Table 28. One entry (second row

of Table 28) was ignored in calculating the average value. A
close look at Table 28 shows that the ignored value is about five
times smaller than that of the other 1listed values. This is due

to the corresponding value for the horizontal deformation used in
the formula to calculate the Piosson's ratio from the resilient
modulus tests, listed in Table 24, being excessively low compzared
to the remaining values listed in the same Table. The average
value of Poisson's ratio for polymer concrete is 0.2389 with a
standard deviation of 0.0193. Comparison of Poisson's ratio
values for polymer concrete and cement concrete show they are
similar.

9. Freeze and Thaw Tests:

This test performed according to ASTM C 666 standard that
covers the determination of the resistance of concrete specimens
to rapidly repcated cycles of freezing and thawing in water. If
results indicat= that the specimens are unaffected by the rapid
freeze-thaw cyclic action, then it can be concluded that the
concrete samples were made with sound aggregates and a proper air
void system. The test procedure determined the length change,
weight change, and durability factor after 300 cycles of freezing
and thawing.

Three samples were prepared and tested for freeze-thaw effect
and test results are presented in table 29. the test results
indicate that polymer concrete is much more durable than normal
concrete, under adverse freeze-thaw cyclic conditions.
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10. Fatigue Properties of PC:

Beams of three different dimensions were fabricated using the
mix design proportions described earlier. Testing began with 3"
x 3" x 15" beams which did not break after about 700,000 cycles
withh a load of 1700 1lbs. Consequently the thickness was changed
and tests were performed on specimens that were 2" x 3" x 15" and
1.75" x 3" x 1%"., the 2-inch and 1.75 inch values are beam
depth. Tests were performed at different stress levels such that
the ratio /MR varied from 0.60 to 0.92 of the ultimate flexural
strength. The haversine load was applied with a duration of two
pulses per second. The number of cycles to failure and stress
level were recorded for each sample (see Table 30)

The results were used to calculate fatique for the polymer
concrete specimens. The general matlematical form of the fatigue
equation is:

o
Log N¢ = K1 + Ko (_—) (7)
83N
where: Nf = number of cycles to failure
o = stress level, psi
MR = modulus of rupture
Kl'K“ = regression constants
For typical portland cement concrete this equation is
o}
Log Nr = 17.61 -17.61 (----)
MR

Results obtained from the tests on polymer concrete samples are
shown in Table 30 and can be used according to (7) to yeild

g
Log Nrf = 10.17 - 7.51 (-~---)
MR
The correlation coefficient (R ) for this equation is -0.93. ’

The curves of stress versus number of cycles for polymer concrete
and portland cement concrete are presented in Figure 21. Flexural
strength, o, and number of cyclies to fracture for both polymer
concrete and normal concretes are also given in Figure 21. Since
the ratio /MR is about the same for both polymer and normal
concretes, ability to longer resist fatigue failure 1is better
illnstrated by the display of 4, and not ¢/MR for polymer and

normal concretes. As can be seen from the figure, PC will
provide  higher resistance to fatique cracking than conventional
PCC and hence more service life can '~ expected.
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Table 30. Fatigue Data

Sample Stress 0/MR No. Cycles Log No.
1 1969 0.92 1518 3.18
2 1930 0.91 1326 3.12
3 1896 0.90 2000 3.51
4 1690 0.80 9893 4.00
5 1670 0.79 39024 4.59
6 1517 0.71 334300 5.52
7 1486 0.70 30122 4.48
8 1380 0.65 130100 5.11
9 1300 0.61 152500 5.18
10 1275 0.60 Not broken At least 5.95
after 900000

-]
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11. Creep Behavior of PC:

A creep test was conducted 1in accordance with the method
described in VESYS' IIM structural subsystem [34]. In this method
cylindrical samples were prepared and tested 1iIn compression
lvading mode. Loading was applied first to condition the sample
and thereafter to perform the experiment for calculating
permanent detormation and creep behavior of the material. of
importance in this study 1is to obtain the creep dcformation
characteristics of PC at different temperatures. Three different
temperatures were <(hosen in this study, namely: 25 C, 35 C, and
45 C. Results of this test are presented in Table 31 and average
resvlts ploted in Figure 22. The general equation for fitting the
creep compliance data is:

-Bgt
J(t) = BO + ﬁl‘t + Bg(l—e 7))
where: _
J(t) = ~creep compliance, psi
t = time, seconds
£, = regression constants

Results of the regression constants at different temperatures
are tabulated below:

8 g g &

Temp (C) 0 1 2 3 SE
25 3.13 .0001 .278 .08 .0068
35 3.18 .0006 .232 .08 .0038
45 3.98 .0004 .487 .08 .0121

It can be seen from these results that polymer concrete will tend
to exhibit creep behaviocr as the room temperature increases. The
magnitude of creep deformation 1is not considcred significant if
compared with materials such as sulfur/asphalt mixtures; however,
it is an indication of a behavior that should be considered in

the design of a structural member using PC. Tolerances on
permissible deformatior will dictate the temperature limits under
which PC could be utilized In the field. The other aspects of

creep behavior is  that most of the epoxy/resin systems are
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therosetting polymers, and hence deformation characteristics of
PC may not be reversible. How tough PC becomes when subjected to
cyclic thermal stresses |is and area that needs further
investigation.

Compressive stress values obtalned at Pandalai laboratories
and Resource International are in agreement within experimental
error. In order to calculate the pavement thickness for a given
lJoad and number of repetitions, design charts will have to be
developed for the various types of alrcrafts and different wheel
configurations. Data obtained in this study will be wused to
solve the Westergaard equation to obtain relationship between
pavement thickness and axle 1load for various subgrade reaction
constant values. The fatigue equation will now be introduced to
correlate number of landings and applied 1load for wvarious

thicknesses of the polymer concrete pavement. The material
properties required are modulus of elasticlity, flexural stress,
Poisson's ratio and fatigue equation constants. All these

required material properties are available from the phase 1 study
to proceed to the second phase investigation.
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CHAPTER 5

ANALYSIS OF RESULTS

The objective of the present study was to develop
specifications and design charts to calculate airport runway
pavement thickness for various aircraft gear configurations and
loads. 1In the phase 1 work, mix designs and material conrstants
have been determined experimentally and this data will be used in
phase 2 to develop design charts.

Three polymer systems have been found to have good adhesive
and binding characteristics, when used with properly graded
aggregates, to give superior mechanical properties for the
pavements in comparison to normal strength portland cement
concrete.

The three polymer systems are:
- Epoxy based polymer

- Methyl Methacrylate Polymer
- Polyester Polymer

The optimum percent polymer for each mix design has been
found to vary depending upon the type of polymer used. This is
due to the rheological, adhesive, and wetting characteristics of
the polymer.

For example, it was possible to make epoxy polymer concrete
with 6% polymer in the mixture with a 24 hour compressive stres:s
of 2000 to 3000 psi. However, when a 6% polymer content was used
for the MMA and polyester polymer concrete, there was no
homogenity or integrity for the samples.

The epoxy binder has a much higher wviscosity at identical
temperatures when compared to MMA and Polyester. This 1is a
contributing fator in the difference in the behavior of the epoxy
polymer concrete and the MMA and Polyester based polymer
concrete.

Using FAMA's P-501 specification for the fine and coarse
aggregate, A good mix design can be developed utilizing a range
of binder concentrations. It has been found that too low a
binder corcentrition, leaves too many void spaces, and should he




avolded. Very high amounts of binder concentration can cause
rutting problems, especially at elevated temperatures. This |is
because the polymer concrete with large amounts of polymer
undergoes permanent deformation to a greater extent than the
normal strength concrete.

A better understanding of the effect of cyclic 1lecading on
permanant deformation of polymer concrete at differont
temperatures will give wvaluable information to reduce probloms
associated with rutting.

Based on the work carried out In this study, the following
percentages  of polymers are recommended for optimun guality
polymer concrete mix design.

- epoxy polymer concrete 83-12.5%

- Polyester 10 - 12.7%
The basis for this :zecommendation are:
- Apr2arance
- Honeycomb structure
- Void formatlion
- Mechanical Properties

The aggregate and polymer combined will make 100% of the
pavement mixture. The composition of each of the polymer ='stem
and the sources of each chemical are given in Chapter 3 for the
benefit of those interested in persueing additional work in this
area. A major factor 1in favor of polymer concrete pavemeat is
its superlor fatique Dbehavior compared to normal strongth
concrete. It can be seen from figure [19]% that the numbh.r of
cycles for fallure at the same applied load for polymer con rete
is tvo to three orders of magnitudes higher than normal st:ngth
concrete. While 1t ls difficult to translate the supcrior
fatigue behavior of polymer concrete in quantitative terms, a
qualitative analysis suggests trat polymer concrete pavement will
last two to three times longer than the normal strength concrete

pavement. Field data '3 realred to confirm the laboratory
data.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Many investigators have been active in the field of Jolymer
concrete research for several decades. Most o©oi these =~=ffarts
have been dlrected toward highway pavenment applications wheres the
load applied is many times lower than that of an aircraft landing
runway. Use of polymer concrete for airport runway application
has been limited to tests carried out by the Air Force for bhonb
damaged runway repairs. The objectives of the present study is
to develop mix designs based on readily available polymeric
binder systems. Three viable mix designs using epoxy, MMA and
polyester material have been developed in this study. Material
properties have been developed for the mix designs to calculate
polymer concrete pavement thicknesses for various Ailrcrait loads
and axle configurations.

Based on the laboratory test results provided in this report,
the following conclusions can he made:

1. 1In comparison to normal strength portiand cement concrete,
polymer concrete provides two to three times higher
compressive and flexural strength, about 30 percent higher
tensile strength, and about 30 percent lower fracture
toughness.

2. In comparison to normal strength portland coment concrete,
polymer concrete about the same or slightly lower static

modulus of elasticity and modulus of resilience. However,
the dynamic modulus of PC is both frequency and temperature
dependent. The higher the temperature, the 1lower the
dynamic modulus value.

3. Polymer concrete provides excellent resistance to
freeze-thaw cyclic action for both volume and linear chuange
behavior.

4. Polymer councrete will exhibit creep deformation behavior

especially at elevated temperatures. the sigunificance  «of
this behavior depends on specific field application and
permissible design tolerances.

Polymer concrete provides substantial resistance to fatigue




cracking in comparison to normal strength portland cement
concrete. This property could be interpreted in the sense
of providing more service life than PCC concrete or reduced
thickness design reqguirements for equal service life.

The data obtained in this study will be used 1in the =second
phase work to develop design charts to correlate polymer concrete
pavement thickness with gear loads. Life cycle cost analysis
will also be carried out to determine the viability of polymer
concrete for airport runway application. Matexrial specifications
and laydown conditions and procedures will also be developed in
the second phase work.

The Westergaard analysis assumes that the material behavior is
linear elastic. This 1is a first approximation of the
viscoelastic characteristics of polymeric materials. Further
work needs to be done to determine the nonlinear and viscoelastic
response of polymer concrete to cyclic 1loading and shear
deformation to simulate field conditions which exist atrunway
exits. More work 1is also required to determine the creep
hehavior of polymer concretes especially at higher temperatures.
The above topics are beyond the scope of the present study and
needs separate investigation.




PART II-DESIGN THICKNESS CHARTS, QUALITY CONTROL,
CONSTRUCTION PROCEDURES, AND COST ANALYSIS




Chap..r 1 - Introduction

Part 1II report contains iarorm.-on gathered by Pandalzai
Coatings Company during the second phas. of ... _ontract #DTFA
01-86-Y-01015. The main thrust of the second phase work includes
the development of design thickness charts, quality control
aspects, construction procedures, and cost estimates. During
Phase 1 work, mix design based on three polymer systems were
developed. These polymers are:

1. Epoxy-amine type
2. Methyl methacrylate addition polymer
3. Polyester-Styrene cured system

The optimized mix designs were used to determine the elastic
modulus, poisson's ratio, flexural strength and fatiqgue
properties. The mechanical properties of polymer concrete (PC)
is taken advantage of in developing the design thickness charts.
Initial work considered three scenarios which include:

1. Polymer concrete replacing portland cement concrete
completely

2. Polymer concrete used as an overlay
3. Poiymer concrete used as an underlay

These aspucts are discussed in Chapter 2 - Preliminary Pavement
Thickness Calculations Based on Polymer Concrete and Comparison
with Portland Cement Concrete. Based on this data, detailed
design thickness calculations were carried out and design
thickness charts were developed. These charts are presented in
Chapter 3 - PCC Overlay Over PC Underlay for four types of
aircrafts. Chapter 4 contains quality control methods which are
significant factors in the development of optimal mechanicati
properties. There are three categories of properties which are
used to determine the quality of the polymer systems. They are:

1. Physical properties such as density, viscosity, molecular
weight and molecular weight distribution.

2. Chemical properties such as the presence of functional
groups before and after the chemical reaction. Infrared
2.,a1y51s techniques are used to determine the degree of
completion of a chemical reation. These are test methods




which are more complex than the determination =of o', 2izal
properties.

The Illi-slab computer code 15 used to calcuiate pavement

thiciness in the present study. The metnod of trestment ©f a
composite layer according to the 1ili-slabkh program 1% based on
the following transformation principle. The Illi-slaty program
transforms two composite layers 1nto an equivalent la, er ana
develops the stramn fields vy orthe transformed  cectian. fre
strain fioslde developed 1in tre  equivalent lavyer Tar e be

retransformed into stresses for the two composits lavers (A
detailed discussion of the treatment of the composite layer using
the Illi-slab program 1s given 1in Appendix Ay, Presently. the
design procedures are based on assumptions such as  continuous
slabs which are infinite in length. By calculating the stresses
and deflections for these continuous slabs and then superimposzing
the system on the design slab, and then using the two dimensional
finite element model, It 15 poussihle to analyze pavements which

have prescribed size and lcad characteristics 1n a realistic
fashicrn.

It 1s impractical to determine all these properties before
starting an actual construction job and the minimum number of
tests for an acceptable gquality control program is suggested in
Chapter 4.

Cormstruction procedures will be different from those followed
tor psriland cement concrete at the present time. Uepending on
the si1ze of a job, the raw materials will have to be shipped to
the 31nh si1*te in the appropriate quantities and mixe-i on-site.
s, the mixing rfechnique for these raw materials o st e dope
acoor-ding to a standard procedure 1n order to avoid any oremature
curlimyg or reactions taking place 1n mixing containers. These
procedures are outlinmed in Chapter 5 - Construction Procedures.

The final factor 15 the cost. When a worlkable systrem 15
develnped, the cost determines whether or not that system ~an be
aeonvamically pursued. This cost analysis 1s carried out 1n
Chapter b - Lost Analysis and the concluding remarks and
recommendations are discussed in Chapter 7 - Conclusions  and
Recommendations.




Chapter 2 - Preliminary Pavement Thickness
Calculations Based on Polymer Concrete and Comparison with
Portland Cemen. "-ncrete

Work carried out to date has been concentrated in the following
three areas:

1. Polymer concrete completely replacing portland cement
concrete

2. Polymer concrete being used as an overlay material

3. Polymer concrete being used as an underlay material

However, before these three areas can be expanded on, the
method of attack on this problem or design methodology would have
to be described. Section 2.1 describes the FAA design

methodology and an analysis of how the design methodology for
this project was determined.

2.1 - °AA Design Methodology

Accordiny to the design procedure given 1in the FAA Advisory
Circular, AC 150/5320-6c, determination of slab thickness for PCC
pavements is based on the level of stress in the concrete slab
and the flexural strength of the slab. Calculation of the
stresses is based on slab theory and is determined for the
condition that the 1loads are adjacent to a joint with no load
transfer across the joint. These stresses are then reduced by 25
percent to compensate for load transfer. 1In this procedure, only
the 1load stresses are considered. A factor of safety is
considered to compensate for stresses not specifically calculated
such as stresses due to shrinkage, curl, loss of support, rate of
loading, etc. The factors of safety, sometimes implied, have
been established from experience from pavements with proven
performance records with known pavement properties and loading
conditions.

Polymer concretes have properties which are similar in many




ways to PCC concretes. Thus it seems logical that the thickness
requirements for polymer concrete slabs could be determined by
comparing stress to strength ratios £foxr polymer concretes with
those for ordinary PCC concrete slabs. Therefore, <such a
procedure should give a good indication of tne relative slab
thickness requirements for polymer concrete s’abs.

Polymer concretes have a number of properties which are
sufficiently different from those of PCC concrete to warrant a
closer look at this approach before finalizing thickness design
procedures. As indicated above, there are a number of sources
for stresses in concrete pavem=.ats wnich are not implicitly taken
into account in the design pr+ -ednure, but are compensated for
through the use of an ap; .opriate factor of satety, based
primarily on experience. Chief among these are the stresses due
to temperature gradients through the slab. It is known that
temperature gradients will cause stresses i1n PCC slabs which are
a function of slab length, and properties of the concrete such as
its modulus of elasticity and coefficient of thermal expansion.
It is also known that polymer concretes have similar properties,
but the characteristics for these properties for the polymer
concretes are sufficiently ditferent from those of ordinary PCC
that it cannct be stated with certainty how much the temperature
gradients will affect the performance of the polymer concrete
slabs in service.

Polymer concretes are more sensitive to rates of 1lcading and
temperature than ordinary PCC. What is not known is whether the
difference in these properties will affect the relative
performance of ordinary PCC and polymer concretes. Intuitively,
they should since both the modulus of elasticity and modulus of
rupture for the polymer concrete are influenced by both the rate
of loading and temperature. For ordinary PCC, the modulus of
elasticity is influenced somewhat by the rate of loading, but not
by temperature. Theretfore, the relative effect on slab thickness
requirements should be different.

Fatigue characteristics of ordinary PCC have been studied
extensively, whereas, the fatique characteristics of the polymer
concretes have relatively little data to support their assumed
characteristics. What little data are available suggest that the
polymer concretes are less susceptible to fatigque damage than
ordinary concretes. This would indicate that more energy |is
needed to cause failure of these materials. This 1is consistent
with their improved fatigue performance characteristics. What is
uncertain is the relative effect of temperature changes on th
fatigue failure characteristics. Data are also needed on thz
shrinkage characteristics of polymer concrete and the influence
ot shrinkage on performance.

With its greater strength, it is logical that =s1ab thickness
with polymer concrete could be significantly 1iess without




vresulting in <lab failure due to concrete overstress. T thisz is
so, then alternate faillure criteria might also have to b=
considered., Wide bodied aircraft such as the DC-10, L-1011,
B-747 and others cause a much greater slab deflection s the
naxvimum stress on the su.;vade might become a more significant
parameter than slab fatigue. This would be especially true in
areas where zlow moving or standing ailrcraft are anticipated.

The above discussion merely point. -t 1ne ueed to stidy the
thickness design criteria and procedures with great care Lefore
drawing tinal conclusions. As a first step it is recommended
that the relative slab thickness can be established by comparing
the ratio c¢f stress and strength. The relative thickness shaald
then be evaluated by field testing and analysis to ectablish
these parameters which are most critical to pavement performance
prior to estabhlishing final design curves.

2.7 - Replacenent of PCC with PC

The first scenario examined in this study was the complete
substitution of portland cement concrete with polymer concrete.
The following is a table of wvalues for both portland cement
concrete and polymer concrete.

Table 1
Maximum Calculated Responses

Runs | - : El = 3 Mpsi, Top Layer: E2 = 4 Mpsi, Bottom Layer
=90000 1b, v=0.25 k=200 psi/in. One layer

Run  Material Thickness Deflection Bending Stress % Strength
{in) (mils) (psi)
H pCcC 14 100 664 94.36
2 pC 14 108 624 29,71
2 DC 8 160 1243 59.67
4 pC 4 246 3277 156.04

Mote that in  this set of data, the last column reptresents the
per-ent strength, that is the bending stress of the concrete
divilded by its maximum tensile strength., For PCC, the maximan




tensile strength is assumed to be 700 psi and for PC, tne woiue

is taken at 2100 psi. These data are plotted on “igure L witlh
thickness as the absissa and percent strength as the ordinat..
Upon further examination, this graph shows that 14" thickpooo  of
PCC is close to its loading limit. By drawing a horizontal | oo
frem the PCC point to the PC line, the corresponding value tor 7
can be tound. Then 1looking down at the thickness, it 1o voorn

that in order to get approximately 95 percent capaicity : ;
thickness of about 6 inches is required, which is les: toan half
wi the required thickness for FCC.
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2.3 - PC Used as an Overlay

Table 2

Runs 5,6 : PC used as an Overlay of 2" thickness;

k=200psi/in
Run Thickness Deflection Bending Stress
(inches (mils) PC (psi) PCC (psi)
5 8 134 219 1039
6 3 155 246 1366

Table 2 <contains data for PC as an overlay with PCC wused
underneath. Obviously, from these data it can be seen that the
tensile stress of PC reaches a maximum valiue of 246 psi which is
about 12 percent of the maximum attainable wvalue. Therefore,
this configuration does not take advantage of the superior
strength of PC. It can also be seen that the stress on PCC is
vell above the maximum tensile strength of PCC which would in all
probabili. - result in pavement failure. Therefore, further work
along these lines vith PC as an overlay has not been explored.




2.4 - PC Used as an Underlay

Run
PCC

10

11

Run
PCC

20

21

22

23

Table 3

Runs 7-11 : PC used as an Underlay of varied
thickness; k=200 psi/inch

Thickness Deflection Bending Stress
(inch) PC (inch) {(mils) PCC (psi) PC (psi)
6 2.0 155 778 1157
8 2.0 134 688 8638
7 2.0 144 734 993
5 2.5 162 607 1280
7 1.0 154 1075 1102
Table 4

Runs 20-23 : PC used as an underlay of varied
thickness; k=100 psi/inch

Thickness Deflection Bending Stress
(inch PC (inch) (mils) PCC (psi) PC (psi)
7 1.0 265 1290 1332
7 2.5 280 725 1529
6 2.0 267 934 1388
8 2.0 227 826 1041




When examining the data in Tables 3 and 4, it is observed that
the higher strength of PC is taken advantage of in this set |up.
In most of the 1runs, the stress on the PC is greater than the
stress on the PCC. If this were reversed, as in the data in Table
no. 1, the mechanical properties would not be wused to their
maximum potential. For example, in run no. 10 the stress ratios
on the pavement are 1280/21"C ~r 61 percent of the maximum
possible load for PC and 607/700 o. 86 p~~rent of the maximum
possible load for PCC. The ideal situati... would be to have both
PC and PCC to have the same percentage to wutilize the superior
strength of PC for optimal design considerations. It can also be
seen that as the PC thickness increases, the difference between
the attained maximum stress of the PCC top layer and the PC
bottom layer increases, this means that the superior strength of
the PC is being wutilized effectively. Similar results were
obtained when the modulus of elasticity (E2) was increased from
3,000,000 to 6,000,000 for the PC in the design calculation.
This means if the mix design for PC is modified to obtain a
higher elastic modulus, a more cost effective composite design
could be developed. These aspects are beyond the scope of the
present work and must be investigated separately.




Chapter 3 - PCC Overlay Over PC Underlay

r. chapter 3, stress calculations have been <carcsied
sy different alrcraft (B-747, B-727, DC-10 and LIOI7T
sign confiqguration used 13 shown in figure 2 - a oompo:

with Pf 3z the underlay and PCTT 2z the top li
s ration is used Dbecauvse it has been found o
trength of PC.

TENSION COMPRESSION

PCC

PC /7/
//

A
X4 O K
Figure 2 - Composite Pavement Slab
POT - Qverlay
£ - Underlay

Stress calculations were carried out  for each ot i
aircraft for wvarious top and Dbottom layer thicknes.es
sltresses. These plots are self-explanatory and the ¢
cambers for the rarious alrcratts follow.

£-747 data in tahle 5, figures 3 - 10

- 29

tour
ana
igur~




- B-727 data in table 6, figures 11 - 18
- DC-10 data in table 7, figures 19 - 26

- L1011 data in tabic 8, figures 27 - 34
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Pavement Data

hl h2 K
8 1 100
6 1 100
10 1 100
6 1 300
8 1 300
10 1 300
8 2 100
5 2 100
10 2 100
6 2 300
g 2 300
i0 2 300
7 0 100
8 0 100
10 0 100
14 0 200

hl top layer thickness

hZ bottom layer thickness

K - subgrade reaction const

Modulus of elasticity (E) =

Table

ant

3 Mpsi for top layer and 4 Mpsi
the bottom layer

101

5
- B-747
S1 52
1119 1071
1405 1457
910 831
1035 1073
824 789
670 612
812 388
1018 1344
660 7617
687 370
539 713
439 553
2061
1715
1249
664
S1 - max top layer stress
S2 - max bottom layer stress

for




Table 6
Pavement Data - B-727

hl h2 K 51 S2

7 0 100 °nel

8 0 100 1715

10 0 100 1249

6 1 100 1645 1707

8 1 100 1235 1181

10 1 100 958 874

6 1 300 1288 1335

8 1 300 983 941

10 1 300 756 711

6 2 300 821 1175

8 2 300 702 855

10 2 300 511 633

6 2 100 1168 1542

8 2 100 877 1067

10 2 100 680 780
hl - top layer thickness S1 - max top layer stress
h2 - bottom layer thickness S2 - max bottom layer stress
K - subgrade reaction zonstant

Modulus of elasticity (E) = 3 Mpsi for top layer and 4 Mpsi for
the bottom layer

- 102 -




Pavement Pata

Table

hi h2 K
7 0 100
3 0 100
1 0 100
B 1 100
8 1 100
10 1 100
6 2 100
B 2 100
10 2 100
6 1 300
1 300

e 1 300
e 2 300
3 2 300
it 2 300

hl top layer thickness

h2 Pottom layer thickness

K - 1hgrade reaction constant

Mclulus of elasticity (E) =

7

- DC-10

1739

1491

1139

1382

1100

898

926

632

1082

818

690

683

589

466

81 - max top layer stress
S2 - max bottom laver stres

wn
N

819

1392

373

763

1122

783

629

978

716

562

S

3 Mpsi for top layer and 4 Mpsi for

the bottom laver
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Table 8
Pavement Data - L1011

hl h2 K s1 S2

7 0 100 1629

8 0 100 1349

10 0 100 1014

3 1 100 1303 1351

8 1 100 971 930

10 1 100 805 735

6 2 100 938 1236

8 2 100 699 851

10 2 100 579 673

6 1 300 1067 1107

8 1 300 785 752

10 1 300 654 598

6 2 300 667 955

8 2 300 557 678

10 2 300 494 466
hl - top layer thickness S1 - max top layer stress
h2 - bottom layer thick.,ess S2 - max bottom layer stress
K - subgrade reaction constant

Modulus of elasticity (E) = 3 Mpsi for top layer and 4 Mpsi for
the bottom layer
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Chapter 4 - Quality Control Methods

While constructing an air ,ort runway of el1ther P o &
combination of PO ang PCC as discussed zarlier, 1t 15 essential
that careful attention be paid to quality acontrod me2ttods. In
the case of PC, a chemical metnod of analys:is will reveal tLhe
structure of the material used. These data wilil be compared to

the standards for the PC and the results of thic comparisor wili
determine the qguality of the material (See attached Intra rea
spectra of materials used 1n this study - pages 142-148). Jdther
methods for guality control of U 1include the fabricaticn of 30
by &' cylinders and testing for compressive stresc. Experience
shows that 4 bours of curaing should give sufficiently high (over

Y0 pesl) values derendinc on the mix design. Infrared spectra
0t vari1ous raw MmMateris.o rhat have been used to igbricate
laboratory samples are presented 1n this section. These raw
rmate 1als are the ones that were used 1n the phase I study to
sevelop miy designs and mechanical propert - characteristics. The
following tables e by the physical properties of the raw
naterials used 1nclugiicg vapor pressure, vapor density, specific
gravity, bulk denmsitv., ~2lubility, volatility, flash point, an-i

the manufacturer of t:osne products. Table 9 contains this data
for the various polymer- and table 10 has similar 1nfeo-mation for
the additives.
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Table 9a
Physical Properties of Polymers - Epoxy and Polyester

Epoxy Polyseter

Name Epon 815 Roskyd 500a

Modified 4'4' isoporp-

Chemical pylidenediphenol unsaturated polyester
Name epichlorohydrin resin

Color Amber Light yellow
odor = —=———- styrene odor
Vapor

Pressure 1 less than 7.5

Vapor Density

Air = 1 4.5 3.59

Specific

Gravity 1.13 1.12

Bulk Density 9.41 1b/gal 9.3 1b/gal

Solubility in

Water Negligible Insoluble

Percent Volu.tile = —-=--- 25

Flash Point 164 F 98 F

Manufactured Srk~11 Chemical Mobay Chemical

By Houston, TX Pittsburgh, PA
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Table 9b

Physical Properties of Polymers -MMA and Styrene

Name
Chemical
Name
Color
Odor

Vapor
Pressure

Vapor Density
Air =1

Specific
Gravity

Bulk Density

Solubility in
Water

Percent Volatile
Flash Point

Manufactured
By

MMA

Methyl Methacrylate
2-propenonic acid
2-methyl-methylester
clear

styrene odor

29

0.94

7.83 1b/gal

Moderate
100
49 F

Rohm & Haas Co
Philadelphia, PA

- 139 -

Styrene

Styrene Monomer

styrene monomer

colorless

Sweet odor

0.9034

~

.53 1b/gal

0.032

88 F

Dow Chemical Co
Midlend, MI




Table 10a

Physical Properties of Additives - DETA and DMA

Name

Chemical
Name

Color
Odorx

Vapor
Pressure

Vapor Density
Air = 1

Speclific
Gravity

Bulk Density

Solubility in
VWater

Percent Volatile
Flash Point

Manufactured
By

DETA
DETA

Dimethyltriamine

colorless

amine odor

less than 1

3.56

0.947

7.2 1b/gal

miscible
100
208 F

Dow Chemical Co
Midlend, MI

- 140 -

DMA
Dimethylaniline

N,N Dimethyl
aniline

colorless

amine odor

4.11

0.9563

7.96 lb/gal

negligible
100
145 F

Eastman Kodak
Rochester, NY




Table 10b

Physical Properties of Additives - DMT and BZP

Name

Chemical
Name

Color
Odor

Vapor
Pressure

Vapor Density
Air =1

Specific
Gravity

Bulk Density

Solubility in
Water

Percent Volatile
Flash Point

Manufactured
By

DMT
Dimethyl toluidine

N,N Dimethyl
-p~toluidine

yellow liquid

0.937

insoluble

100
181 F

Eastman Kodak
Rochester, NY
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BZP
Benzoil Peroxide

Peroxide

white crystal solid

odorless

no data

greater than 1

1.33

insoluble
Non-volatile
176 F

Alfa Products
Danvers MA.
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Chapter 5 - Construction Procedures

Before an actual runway 1is designed and constructed from
polymer concrete, construction procedures must be clearly
outlined and developed because the conditions governing the
curing of polymer concrete differ radically from those for PCC.
In the case of normal strength PCC, proportioning and mixing is
done at the plant and not at the job site. However, due to the
nature of polymer concrete, this 1is not possible. While
proportioning and material transfer into separate compartments
can be done at the plant, mixing will have to be done at the job

site. This 1is due to the fact that a spontaneous chemical
reaction takes place between the components of the PC during the
curing process. The best procedure to follow would be to have

pre-velighed ingredients shipped to the job site for mixing before
lay down. Polymer concrete placement should be done before the
curing reaction occurs.
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Chapter 6 - Cost Analysis

When determining the viability of a new product, one of the
most critical factors is cost. 1In any construction project, it
is important to determine the 1life-cycle <cost. The life-cycle
cost depends on the raw material cost, 1labor cost, maintenance
cost, and service life. An attempt is made in this chapter to
analyze the cost of polymer concrete versus portland cement
concrete, taking into account such factors as material and
construction costs and service 1life costs. The life-cycle cost
estimate is determined by adding all the cost elements. It is
assumed that the major cost elements which differ between PC and
PCC are the raw material costs and cost associated with service
life.

6.1 - Estimating Costs for Polymer Concrete

The estimated material costs for polymer concrete are based on
(1) the raw material costs for PC; (2) the cost of mixing the raw
materials on site; and (3) comparing these costs for the material
costs in PCC. Also, there will be a significant difference in the
life-cycle and maintenance costs between PC and PCC. However, no
data can be obtained to determine these differences until field
tests are run.
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Table 11
Cost for PCC Pavement at Different Thicknesses
(Data obtained from Runway Rehabilitation Project done at the
Pittsburgh International Airport)

Thickness (in) Cost
$/square yard $/cubic yard
10 46 .35 166.86
12 56.65 169.95
15 55.65 133.56
18 61.80 123.60

If it is assumed that the cost of PCC is $50/cubic yard, then
the construction cost of PCC will be the amount in column 3
($/cubic yard) of table 11 minus the material cost (assumed to be
$50/cubic yard). This value, along with the percent material
cost is given in table 12. Note that as the pavement thickness
increases, the percent material cost increases.

Table 12
Cost Data for PCC

Pavement Cost Construction Cost % Material Cost
($/cubic yard) ($/cubic yard)

166.86 116.86 30

169.95 119.95 29

133.56 83.56 37

123.60 73.60 40

From these data, it can be seen that the material cost makes up
approximately 34 percent of the total construction cost for PCC.
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6.2 - Construction Cost Estimates

For a 1l6-inch portland cement concrete pavement, the estimated
construction cost is $45/Square Yard. It has been established
that the raw material cost 1is 34 percent or $15.30. If the PCC
pavement is replaced by a PC pavement, the thickness reguired is
about 7 inches. This can be seen to be true from figure 1
assuming a 90 percent stress ratio for PC. Assuming a raw
material cost factor difference of 10 for PC pavement, the raw
material cost for PC becomes (15.3 x 7 x 10}/16 or $66.9. This
brings the construction cost to $96.6 per square yard for PC. In
order to be economically viable the savings due t¢ maintenance
cost and increased service life should be more than 50 percent.

In the case of a composite pavement containing PC bottom layer
and PCC top layer, a 16" thick pavement made entirely of PCC is
equivalent to a composite pavement with a 2" PC underlay and 8"
PCC overlay. The raw material cost for the composite would be
equivalent to the raw material cost for a PCC pavement of 28"
thickness. 1In other words, the cost factor in this case is 28/16
as far as rawv materials are concerned. Based on this data, the
following construction cost estimate can be made.

PCC pavement cost 100,000
PC pavement cost $126,250

The above calculation assumes that the quick curing of 2C will
enable PCC to be poured continuously on a big construction job
and that no additional labor costs will be incurred even though 2
passes are necessary for the composite pavement construction.
While the initial cost is 26.25 percent higher for composite
pavements, the advantages appear to warrant additional work by
vay of field testing for the composite pavement configuration.
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Chapter 7. Conclusions and Recommendations

Phase I work involved PC mix designs with 3 different polymer
systems and laboratory determinations of mechanical properties.
These properties were utilized in calculating the pavement
thickness for various aircraft confiqurations. The 1Illi-slab
finite element computer program developed at the University of
Illinois was used to calculate composite pavement thickness for
various underlay and overlay thicknesses. The thicknesses have
been calculated for B-747, B-727, DC-10 and L-1011 aircraft and
are presented in figures 3 through 34 and tables 5 through 8.
Table 13 contains data comparing bending stress values when
Young's modulus values were changed for the various aircraft.

Table 13
Aircraft E2 K sl S2 hl h?2
B-747 3 100 1119 1071 8 1
B-747 6 100 888 1736 8 1
B-727 3 100 1235 1182 8 1
B-727 6 100 9€6 1889 8 1
DC-10 3 100 1100 1053 8 1
DC-10 6 100 874 1709 8 1
L-1011 3 100 971 930 8 1
L-1011 6 100 760 1487 8 1

Table 13 is presented to show the great improvement in bending
stress values for the same PCC and PC composite layer thickness
values when Young's modulus is changed from three million to six
million. In order to obtain a value of six million for E2, the
basic mix design must be altered. An extension of the present
study to achieve a higher E2 wvalue will be a very useful project
because at a composite pavement t- ckness of one inch PC and
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eight or even ten inches of PCC, the raw material cost is only 12
to 25 percent more than the 100 percent PCC pavement cost. This
means that a PCC pavement which costs $45.00/square yard would
cost under $50/square yard if the composite pavement
configuration is selected. With many of the advantages of the
composite parement, the life cycle cost of the composite pavement
might even be less than the PCC pavement. This, however, can
only be verified by additional laboratory mix design work and
field tests. :

In summary, the present investigation has developed pavement
design charts for four aircraft with the composite pavement
design configquration. Quality control standards for the various
ingredients have been presented along with mixing information and
lay down procedures. It is important to mention that the mixed
polymer concrete should be immediately poured. Other normal
construction practices used when building a PCC pavement should
be followed. The composite pavement configuration appears to be
very competitive to PCC pavement and vork must be continued to
study in more detail, the field performance characteristics of
PC. Increasing the modulus of elasticity for PC also appears to
have definite advantages which also must be investigated.
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APPENDIX A
FINITE ELEMENT ANALYSIS OF AIRPORT PAVEMENTS
INCORPORATING POLYMER CONCRETE

The analytical examination of the structural response of airport
pavements incorporating a layer of Polymer Concrete (PC) presented in
the main body of this Report was conducted using the ILLI-SLAB finite
element (f.e.) computer program. The purpose of this Appendix is to
document briefly the main features of ILLI-SLAB, particularly those
involved in the analyses conducted.

ILLI-SLAB was first developed at the University of Illinois in the
late 1970's for structural analysis of jointed, one- or two-layer
concrete pavements with load transfer systems at the joints
[Tabatabaie and Barenberg, 1980]. It was later expanded significantly
to incorporate a variety of subgrade support characterization models,
including the dense 1liquid (WINKLER), elastic solid (BOUSSINESQ),
two-parameter (VLASOV) and stress dependent (RESILIENT) idealizations
{Ioannides, et al., 1985]. More recently, the ability to accommodate a
linear temperature variation through the thickness of the slab has also
been added [Korovesis and Ioannides, 1987].

The original ILLI-SLAB model is based on the classical theory of a
medium-thick plate on a Winkler foundation, and can evaluate the
structural response of a concrete pavemeht system with joints and/or
cracks, It employs the 4-noded, 12-dof plate bending (ACM or RPB12)
element [Zienkiewicz, 1977]. The Winkler type subgrade is modeled as a
uniform, distributed subgrade through an equivalent mass formulation

(Dawe, 1965]. This is a more realistic representation than the four
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concentrated spring elements used in similar f.e. codes, such as
WESLIQID and FINITE. A work equivalent load vector [Zienkiewicz, 1977)
is used in ILII-SLAB, as in FINITE.

Assumptions regarding the concrete slab, stabilized base, overlay,
subgrade, dowel bar, keyway, and aggregate interlock can be briefly
summarized as follows:

(i) Small deformation theory of an elastic, homogeneous medium-
thick plate is employed for the concrete slab, stabilized base
and overlay. Such a plate is thick enough to carry transverse
load by flexure, rather than in-plane force (as would be the
case for a thin membrane), yet is not so thick that transverse
shear deformation becomes important. In this theory, it is
assumed that lines normal to the middle surface in the
undeformed plate remain straight, unstretched and normal to
the middle surface of the deformed plate; each lamina parallel
to the middle surface is in a state of plane stress; and no
axial or in-plane shear stress develops due to loading;

(ii) The subgrade behaves as a Winkler foundation. As noted above,
other subgrade idealizations are currently also available, but
only the WINKLER option was used in this study;

(iii) In case of a bondad stabilized base or overlay, full strain
compatibility exists at the inéerface; or for the unbonded
case, shear stresses at the interface are neglected;

(iv) Dowel bars at joints are linearly elastic, and are located at

the neutral axis of the slab;
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(v) When aggregate interlock or a keyway is wused for 1load
transfer, load is transferred from one slab to an adjacent
slab by shear. However, with dowel bars some moment a- well
as shear may be transferred across the joints.

Various types of load transfer systems, such as dowel bars,
aggregate interlock, keyways, or a combination of these can be
considered at pavement joints. The model can also accommodate the
effect of a stabilized base or an overlay, either with perfect bond or
no bond. Thus, ILLI-SLAB provides several options, that can be used in
analyzing the following problem types:

1. Jointed concrete pavements with load transfer systems;

2. Jointed reinforced concrete pavements with cracks having
reinforcement steel;

3. Continuously reinforced concrete pavements;

4., Concrete shoulders with or without tie bars;

5. Pavements slabs with a stabilized base or overlay, assuming
either perfect bond or no bond between the two layers;

6. Concrete slabs of varying thicknesses and moduli of
elasticity, and subgradgs with varying moduli of support.

The program inputs are:

(a) Geometry of the slab, including type of base or overlay, load
transfer system, subgrade, and slab dimensions;

(b) Elastic properties of concrete, stabilizgd base or overlay,
load transfer system, and subgrade;

(¢) Loading.

The outputs given by the program are:
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(a) Nodal stresses in the siab, and stabilized base or overlay;

(b) Vertical reactions at the subgrade surface;

(¢) Nodal deflections and rotations;

(d) Reactions on the dowel bars;

(e) Shear stresses at the joint for aggregate interlock and keyed

joint systems.

The model has been verified by comparison with the available

theoretical solutions and the results from experimental studies

{Tabatabaie and Barenberg, 1980; loannidec, et al., 1985; Ioannides and

Salsilli-Murua, 1989].

The analytical results presented in this Report were obtained using
the two-layer model in ILLI-SLAB. This is a plate bending model, i.e.
assumes that all layers above the subgrade behave like elastic plates.
These layers are characterized by a Young’'s modulus, E;j, and a
Poisson’'s ratio, pj. Implic.it in this characterization is that these
materials possess a tensile strength, as 1is the case with both
conventional Portland Cement Concete (PCC), as well as PC. It is also
assumed that there is full contact between the subgrade and the layer
immediately above it, but no shear is assumed to develop between them
(i.e. smooth interface assumption).

In general, the interface between successive layers may be
perfectly rough, or perfectly smooth, or somewhere in between. In the
current version of ILLI-SLAB, the maximum number of layers above the
subgrade is limited to two, but more layers could be accommodated by an

extension and modification of the code. This did not become necessary

at this stage of the investigation. Furthermore, ILLI-SLAB assumes
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that interlayer friction is zero (unbonded, ICOMP=0) or full (bonded,
ICOMP=1). Partial friction could be accommodated in ILLI-SLAB using an
appropriate formulation. For all cases examined, full bond between the
PCC and PC layers was assumed.

For the unbonded case, the combined stiffness of the two layers is
simply taken a;‘the algebraic sum of the two individual stiffnesses.
Stresses are recovered by assuming two discontinuous 1linear
distributions of stresses and strains through each layer, with two
zero-stress points arising at the neutral axis location in each layer.
In the bonded case, the concept of composite sections is used to
transform the bottom layer to an equivalent layer whose modulus is
equal to that of the top layer. An alternative interpretation is that
this formulation reduces the system to an unbonded case, the two layers
having their original stiffnesses, but their thicknesses being
increased appropriately to account for the bonding restraint. Stresses
are determined by assuming a single continuous linear distribution of
stain through the combined full depth of the two layers. This gives
rise to a single strain (and stress) free point, at the location of the
effective nmeutral axis of the combined two-layer system. Due to the
difference between the two layer moduli values, a discontinuity of the
stress distributions arises at the layer interface.

It is evident from this exposition,'that the ILLI-SLAB model is
strictly applicable only to the case of stabilized bases and similar
materials possessing a substantial stiffness and tensile strength.
Granular materials which have no tensile strength, can only be

accommodated in ILLI-SLAB by assigning to them E and g values.
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Note: To obtain a copy of the ILLI-SLAB code, write to:

Professor Ernest J. Barenberg

1213 Newmark Civil Engineering Laboratory
205 N. Mathews Ave.

Urbana, IL 61801
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